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     SUMMARY 
 
 
The purpose of this project is to investigate new transmembrane redox reactions that are 
possible due to simultaneous electron/ion permeability of polyaniline (PANI) membranes, 
to develop new PANI membranes that are active at neutral pH, and to exploit their 
possible practical applications.  
 
In this research, PANI films doped with d,l-camphor sulfonic acid (PANI-CSA films) 
were first characterized by different methods. The films stayed active at neutral pH with 
K3Fe(CN)6 as the oxidizing reagent, different from the lost electroactivity of HCl doped 
PANI films at similar conditions. The initial reaction rate with FeCl3 was demonstrated to 
be higher than the typical value for HCl doped PANI films. Anion Cl- concentration 
gradient across the polymer/film interface plays a pivotal role for the reaction kinetics.   
 
Based on these findings, a transmembrane redox reaction was demonstrated in the 
presence of an oxidizing agent at one side of PANI-CSA membrane and a reducing agent 
at the other side. In this way, the reaction rate in the oxidizing phase can be much 
increased as compared with the situation without transmembrane reactions. This kind of 
process can be realized if both aqueous solutions have pH>3.0, distinct from the situation 
with PANI-HCl membrane, where at least one of the solution needs pH<3.0 to initiate the 
reaction. The typical transmembrane redox equivalent transport rate was around 25 times 
higher than that with PANI-HCl membrane. This process is demonstrated to be driven by 
electron/anion coupled counter-current transport through the membrane. The roles of 
membrane thickness and interfacial barrier properties, and the essential rate limiting step 
 viii
were also studied for the transmembrane redox reaction of PANI membrane, in 
comparison with transmembrane ion transport and electrochemical impedance 
measurements. The interface resistance for transmembrane transport of redox equivalents 
and ions is less sensitive to the doping level than the resistance of the bulk membrane, and 
plays a dominant role for fully doped membrane. Membrane thickness is less important 
when doping level is improved for the transmembrane transport through PANI membrane. 
Furthermore, ion diffusion was demonstrated to be the rate limiting step in different 
processes.  
 
Based on transmembrane redox reactions through PANI-CSA membrane, a novel kind of 
redox sensor was developed by measurement of transmembrane potential in the redox 
processes. Good linearity and detection limits were demonstrated for various organic and 
inorganic redox substances in water, such as ascorbic acid. Transmembrane potential 
correlates with the changes of redox potentials in the transmembrane process, which 
reflects the good redox/Cl- selectivity of PANI-CSA membrane.  
 
Redox reactions of PANI powders/films with dissolved oxygen were investigated in order 
to produce a useful product of H2O2. The generation efficiency of H2O2 is dependent on 
the protonation degree and the morphology of the polymer, the presence of acids and 
counter anions in the solution, as well as the concentration of dissolved O2. The 
transmembrane redox reaction in the presence of an effective reducing agent at the other 
side of the PANI-CSA mermbrane can further increase the production of H2O2. 
 
 ix 
Finally, a comparative study was carried out for the transmembrane redox reactions 
through PANI membranes doped with a semiconductive dopant C60. A typical value of 
transmembrane redox transport rate with the membrane containing 0.5% C60 was an order 
higher than that for HCl doped PANI membrane at identical conditions, which can be 
explained by superimposed C60 doping and acid doping. The C60 content of 0.5% was 
found to be the optimal for the transmembrane reaction rates and the mechanisms behind 
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 - 2 - 
During the past decades, tremendous efforts have been made in our understanding of the 
chemistry, electrochemistry, electrical and optical phenomena of polyaniline (PANI) and 
its derivatives (MacDiarmid et al., 1987, Genies et al. 1990, Lyons, 1994, Kang, 1998). 
The preferable electronic and electrochemical properties (Travers, 1985, MacDiarmid, 
1987, Epstein, 1988), interesting optical properties (Geniès et al. 1987b, Watanabe et al. 
1987), good environmental stability (MacDiarmid 1985, Amano, 1994), and relatively 
easy processibility (Wei, 1992, Im, 1994, Chacko, 1996), have made PANI attractive in a 
wide range of practical applications, such as in electrochemical batteries (Fumio Goto et 
al., 1987, Miyazaki, 1987; Nakajima and Kawagoe, 1989; Lira-Cantu, 1999), molecular 
electronics (Barlett, 1996), display devices (Tetsuhiko, 1984; Geniès, 1987; Kitani, 1986; 
Malta, 2002), chemical and biochemical sensors (Dong, 1988, Ikariyama, 1986), etc. 
 
One of the promising but less explored application areas of PANI is to act as the 
membrane material to carry on redox reactions (Matsumura, 1996, Kocherginsky, 2005).  
 
Membrane based redox reactions are vital for the processes in living systems (Bartlett, 
1996). In these processes the oxidizing and reducing agents are separated by the 
membranes, but the electron and ion coupled transport processes can still take place due to 
the special organization of biological membranes, in which proteins and coenzymes serve 
as the carriers for electron and ion transport. This kind of transmembrane redox reactions 
has also potential applications in chemical engineering technologies, since the reactants 
are not mixed with each other and thus the purification of the products can be greatly 
simplified.  
 - 3 - 
The fundamental requirement for realization of this kind of processes is to have a 
membrane, which has both electron and ion permeability and can keep the reactants 
separated. Among all available membrane materials, electroconductive polymer is 
probably an ideal selection, which has shown the promise to carry on electron and ion 
coupled transport. Among various electroconductive polymers, PANI holds a unique 
position in that its electrical and electrochemical properties can be reversibly controlled 
both by charge (electron) doping and by protonation, i.e. acid doping (Genies, 1990).  
 
Electron and ion coupled transmembrane transport has been realized successfully by our 
group previously using HCl doped PANI membrane (Kocherginsky, 2005), however a 
prerequisite in this case is that at least one side of the membrane needs pH<3.0 to initialize 
the reaction, since the polymer can be deprotonated and thus lose its electroactivity in 
neutral media. This may restrict the possible applications of this kind of processes, such as 
imitation of biological processes that take place at psychological pH.  
 
In this project our main purpose was to develop the chemically driven electron/ion 
transport processes through PANI films in a wider pH range extending to neutral pH with 
improved charge transport rates. It will be shown that this goal is possible to achieve using 
d,l-camphor sulfonic acid as the dopant. Kinetics and mechanisms of the transmembrane 
electron/ion coupled transport was systematically investigated. It will be shown that one 
of the oxidants can be dissolved O2 , which reacts with PANI films to form H2O2 that has 
practical applications. Besides, based on this kind of reaction, a novel redox sensor was 
developed, which makes it possible to detect inorganic and organic redox substances in 
acidic and neutral pH fast and sensitively.  
 - 4 - 
The thesis has the following structure:  
 
Chapter 2 presents a general review of the literature relative to this research. This review 
is mainly focused on the synthesis and properties of PANI, redox reactions and ion 
transport properties of electroconductive polymer membranes and their potential 
applications.  
 
In Chapter 3, PANI films doped with d,l-camphor sulfonic acid were systematically 
characterized with FTIR, XPS, DSC, TGA and FESEM. The redox reactions of CSA 
doped polyaniline (PANI) films in aqueous solutions of FeCl3 and K3Fe(CN)6 were 
investigated. Comparison of the standard redox potential of the oxidants with that of PANI 
demonstrates that based on simple thermodynamic considerations, the reaction with Fe3+ 
should not take place spontaneously. Our experimental results demonstrate that the 
reaction took place and moreover the initial rate of 0.01M Fe3+ reduction was higher than 
that obtained with PANI-HCl film at similar conditions. PANI-CSA films stay active at 
neutral pH with K3Fe(CN)6 as the oxidizing agent, which is different from substantially 
depressed electroactivity of PANI-HCl film at pH>4.0. The redox processes are not 
limited by simple surface reactions and have two kinetically different steps (the initial, fast 
and the second, slower). Both of the kinetic steps are pseudo-first-order in terms of PANI 
nitrogen and the oxidizing species. To explain the experimental findings, a new kinetic 
mechanism was suggested. According to this mechanism, two half reactions (oxidation of 
the polymer fragments and reduction of ions in the solution) are separated in space and are 
coupled by counter transport of electrons and Cl- anions into the opposite directions. As a 
convincing proof for this explanation, a new phenomenon was shown where the addition 
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of Cl- in the solution shifted the equilibrium of the redox reaction of of PANI-CSA films 
with K3Fe(CN)6/K4Fe(CN)6 solution.  
 
Based on the findings of Chapter 3, in Chapter 4, an electroneutral process of electron/ion 
coupled transfer across PANI-CSA membrane was conducted in the presence of oxidizing 
reagent in one side of the membrane and reducing reagent in the other side. A typical 
transmembrane reaction rate was as high as 5*10-8 mol/cm2s with FeCl3 as the oxidizing 
agent and ascorbic acid as the reducing agent, which is ~25 times higher than that 
acquired with PANI membrane doped by HCl in the identical conditions. Both solutions 
separated by the membrane can have pH>3.0. The kinetic mechanism of this electron/ion 
coupled transport was proposed and kinetic parameters were estimated. Although the 
PANI membrane is much thicker than biological membranes, the rate of reaction per unit 
of area is even faster than in mitochondrial respiration.  
 
To illustrate the role of acid doping, to clarify the role of membrane thickness and the 
influence of the interface and to find out what is the main rate limiting step in 
transmembrane redox reactions through PANI membrane, in Chapter 5 we present a 
comparative investigation of three different physico-chemical properties of polyaniline 
(PANI) membranes doped with a simple acid dopant, HCl. The first one was electrical 
conductivity, usually determined by electron transport and measured with Electrochemical 
Impedance Spectroscopy (EIS). The second one was H+ ion permeation through the 
membrane under pH gradient, measured with pH electrodes, and the third was electron/ion 
coupled counter transport in a transmembrane redox reaction, measured with redox 
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electrodes. In this case, HCl was selected as the dopant because the doping degree of 
PANI membrane can be easily controlled in this case by simple adjustment of acid 
concentration. Thickness dependent behaviour was described in all three cases, and was 
used to differentiate the interfacial properties from those of the bulk properties of the 
membrane. It was demonstrated that although the impedance of the doped membrane 
separating aqueous solutions is much less than that for the undoped membrane, it is 
determined by ions and not by electrons. For doped membranes the ratio of ion diffusion 
coefficient and charge drift mobility, determined in the external electrical field, is close to 
the Einstein relationship, meaning that the same transport of ions plays the key role in 
different processes. Interpolation of membrane properties to zero thickness showed that 
the interfacial charge transfer resistance plays an important role in membrane impedance 
and changes ion and redox transport rates through the doped PANI membrane. The 
relative role of interface versus volume increases with acid doping, which makes the bulk 
membrane volume more permeable for ions. 
 
In the Chapter 6, a new type of redox sensor on the basis of transmembrane redox reaction 
across PANI-CSA membrane was developed. Potentiometric calibration demonstrated 
good Nernstian response of transmembrane electrical potential for the redox couples of 
Fe2+/ Fe3+ and Fe(CN)64-/ Fe(CN)63-, and the results were comparable to conventional Pt 
electrode. Transmembrane potential correlated with the changes of redox potentials in 
both cases. This method also gave good response to those redox active substances that 
normally do not have satisfactory response on Pt electrode, such as L-Ascorbic acid, 
Neutral red, Nile blue and N-phenylanthranilic acid. It was demonstrated that 
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transmembrane potential through doped PANI is a mixed potential due to both electron 
transport in redox processes and Cl- ion transport. The redox/Cl- selectivity of PANI-CSA 
membrane is approximately 104.  
 
Chapter 7 describes the reaction of dissolved oxygen in acidic and neutral aqueous media 
with polyaniline (PANI) powders and/or films. H2O2 was formed in the process and its 
formation depends on the protonation degree and the morphology of the polymer, doping 
with HCl or camphore sulfonic acid (CSA), the presence of acids and counter anions in 
the solution, as well as the concentration of dissolved O2. Production of H2O2 could be 
further improved if CSA doped PANI was used as a membrane and ascorbic acid was 
added as reducing reagent at the other side of the PANI-CSA membrane. The mechanisms 
of oxygen reduction by PANI powders and transmembrane redox reactions were proposed. 
 
As a comparison to the performance of CSA doped PANI membrane, transmembrane 
redox reactions of PANI membrane doped with a semiconductor dopant C60 were 
investigated in Chapter 8. The PANI-C60 membranes were chemically synthesized with 
fullerene C60 content of 0.2, 0.5, 1, 2, 3 mol% (relative to aniline) respectively, and then 
systematically characterized with FTIR, FESEM, XPS, and Electrochemical Impedance 
Spectroscopy (EIS). It was demonstrated that electron/ion coupled transport across PANI-
C60 membrane is possible in the presence of oxidizing agent at one side of the membrane 
and reducing agent at the other side. If 0.05M acidic solution of FeCl3 was used as the 
oxidizing agent and 0.3M ascorbic acid as the reducing agent, a typical value of 
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transmembrane transport rate of redox equivalents was 3.1*10-8 mol/cm2s with the 
membrane containing 0.5% C60.  This value was an order higher than that for HCl doped 
PANI membrane at identical conditions, which can be explained by superimposed C60 
doping and acid doping. The 0.5% content of C60 is the optimal and at higher content the 
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Following the successful synthesis of polyacetylene by Shirakawa in 1974 and its 
subsequent doping by Chiang in 1977, electrically conductive polymers have attracted 
worldwide attention due to a wide spectrum of potential practical applications in 
rechargeable batteries, electrolytic capacitors, magnetic disks, microelectronics and so on. 
In the next few decades, the research interest focused on searching for new materials with 
metallic conductivity, as well as solving fundamental questions such as polymerization 
mechanisms, electronic and ionic conduction mechanisms, the role of doping ions, etc. 
These polymers mainly included polyacetylene [(CH)x], polythiophene (PT), polypyrrole 
(PPy), polyaniline (PANI), poly(p-pyridyle vinylene) (PPyV), and poly(1,6-heptadiyne), 
and their derivatives and analogues.  
 
In the following sections, the general information about pi-conjugated polymers will be 
presented. The current research status of a representative member in this material family - 
polyaniline- will be thoroughly reviewed. The redox and ion transport properties of 
polyaniline films will be summarized and the concept of membrane based redox processes 
will be introduced. 
 
2.1. General information of pi-conjugated polymers  
 
Electronically conductive polymers are conjugated organic materials, sharing the same 
signature. Since the orbitals of successive carbon atoms along the backbone overlap in the 
pi bonding, the electron delocalization can be realized along the polymer chain (Heeger, 
2001). This electronic delocalization provides a vehicle for charge mobility along the 
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backbone of the polymer chain. The simplest possible form of electronically conductive 
polymers is the archetype polyacetylene (-CH)n.  
 
Electronically conductive polymers are particularly attractive due to the doping induced 
insulator-metal transitions. Doping is the unique, central theme that distinguishes 
conductive polymers from all other types of polymers (MacDiarmid, 1993). Reversible 
doping of conductive polymer, associated with control of the electrical conductivity over 
the full range from insulator to metal (typically from 10-10 S/cm to 105 S/cm), can be 
accomplished either by chemical or by electrochemical methods (Heeger, 2001). Upon 
doping, the Fermi level of electrons is moved into a region of energy where there is a high 
density of electronic states either by a redox reaction or an acid-base reaction (Heeger, 
2001).   
 
 The initial discovery of the possibility to dope conjugated polymers involved charge-
transfer redox chemistry: oxidation (p-type doping) or reduction (n-type doping) (Chiang, 
1977).   The doping via protonation can be fulfilled in polyaniline, where the number of 
electrons associated with the polymer chains is neither reduced nor increased and the 
charge neutrality of the polymer matrix in the doping process is maintained by the 
insertion of counterions.  
 
Polarons and bipolarons are charge carriers generated upon doping or photo-excitation in 
conjugated polymers with non-degenerated ground state (Silva, 2001). Both are structural 
defects that are introduced into the conductive polymers upon charge injection. The 
polaron is a radical cation, which is a kind of quasiparticle consisting of a single electronic 
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charge dressed with a local geometrical relaxation of the bond lengths (Heeger, 2001). The 
bipolaron is a spinless dication, which is the doubly charged state of two polarons bound 
together by the overlap of a common lattice distortion or enhanced geometrical relaxation 
of the bond (Heeger, 2001). The study of the energetics of the separation of the radicals 
induced upon doping of polyparaphenylene indicates that the two defects tend to remain in 
close proximity, resulting in the formation of a polaron (Brédas, 1982). At higher doping 
levels, interaction between polarons leads to the formation of bipolarons (doubly charged 
defects) that requires a stronger deformation of the lattice (Brédas, 1982). 
 
The commercialized applications of conjugated polymers have covered wide fields such as 
electrolytic capacitor, rechargeable batteries, magnetic disk, special electrode and printed 
circuit (Miller, 1993). Doped polyaniline has been used for electromagnetic shielding 
(Wojkiewicz, 2004) and for corrosion inhibition (Manickavasagam, 2002). Polypyrrole 
has been tested as microwave-absorbing “stealth” screen coatings (Kazantseva, 2003) and 
also as the active thin layers of various sensing devices. Polythiophene derivatives are 
promising for field-effect transistors (Ong, 2005). Poly (ethylenedioxythiophene) doped 
with polystyrenesulfonic acid has been manufactured as an antistatic coating material to 
prevent electrical discharge exposure on photographic emulsions. Poly (phenylene 
vinylidene) derivatives have become major candidates for the active layer in pilot 
production of electroluminescent displays.  
 
2.2. General introduction to polyaniline  
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In the material family of pi-conjugated polymers, polyaniline is a representative polymer 
that spurred intensive scientific interest in the last few decades due to its good 
environmental stability, controllable electrical conductivity, intriguing redox properties 
and sufficient mechanical properties. Moreover, polyaniline holds a unique position in that 
its electronic structure and electrical properties can be reversibly controlled both by charge 
transfer doping (to vary the oxidation state of main chain) and acid protonation (Epstein et 
al., 1987).  
 
The explosive growth of research interest in PANI in the past two decades was mainly due 
to its tunable electrical conductivity, environmental stability, a wide range of possible 
(intrinsic) oxidation states, and solution induced processability (Ray et al., 1989; Khor et 
al., 1990; Kang et al., 1992). 
 
Polyaniline, also having the trivial name “aniline black”, has been known for more than 
150 years since its first synthesis by Runge in 1834 (Green and Woodhead, 1910). Green 
and Woodhead represented the first systematic studies of the synthesis and 
characterization of the aniline polymers (1910), and characterized an octameric molecule 
of a linear structure as a product obtained by the chemical oxidization of aniline (Fig. 2.1).  
 
NH NH N N
1-y y n
 
Fig. 2.1 General formula of polyaniline 
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Fundamental questions that arise during research concerned the polymerization 
mechanism, the physicochemical properties of the material, the electronic and ionic 
conduction mechanisms, the role of the doping ions and the redox mechanisms etc.  
      
2.2.1. Synthesis of polyaniline 
 
The most widely used synthesis methods of PANI can be categorized into two groups: 
chemical synthesis and electrochemical synthesis (Huang, et al. 1987, Konig and Schultze, 
1988, Ray, 1989, Lux, 1994). 
 
Chemical synthesis is a widely used method for PANI production. The method is based on 
direct oxidation of aniline using an appropriate chemical oxidant in acidic aqueous 
solution to initiate the polymerization. Various chemical oxidizing agents have been 
investigated, such as potassium bichromate (Geniès, et al., 1985; Kumany and Sarisiftci, 
1987), ammonium persulfate or peroxydisulfate (Geniès, et al., 1985, Kumany and 
Sarisiftci, 1987), and hydrogen peroxide (Moon, 1992), etc.  
 
The polymerization reaction is mainly carried out in acidic medium at a pH between 0~2 
(Geniès, et al., 1985, Kumany and Sarisiftci, 1987). The acidic medium can be H2SO4 
(Genies, 1985), HCl (MacDiarmid et al., 1985), or HClO4 (Neoh, et al, 1993). The 
polymerization in neutral, basic media, and acetonitrile has also been studied (Geniès, et 
al, 1990, Volkov et al., 1990).  Higher pH results in slower reaction rate and 
corresponding lower yield (Neoh et al., 1993). Furthermore, high pH gives rise to PANI 
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salt of low direct-current conductivity because of the low percentage of doping 
(MacDiarmid et al., 1987).  
 
Different molar ratios of oxidant to aniline were investigated. A degradation of the 
polymer can be observed if too high a quantity of oxidant is used (Geniès, et al., 1985). To 
avoid oxidative degradation of the polymer formed, the quantity of oxidant used is usually 
less than that needed for stoichiometry.  
 
It was also found that better product could be obtained if the monomer solution and 
oxidant were pre-cooled before initiating polymerization (Geniès, et al, 1990).  
 
The major advantages of electrochemical synthesis of polyaniline are the possibility of 
exploring the kinetic parameters for doping and the flexibility in the choice of the 
counterion. Anodic oxidation of aniline on an inert metallic electrode is the most common 
method for electrochemical synthesis of PANI (Lux, 1994, Geniès and Tsintavis, 1986 
and 1987; Innis, 2004). This method offers the conveniences of coupling with physical 
spectroscopic techniques (Mohilner et al. 1962). Meanwhile, several studies have also 
been carried out with other electrode materials such as iron (G. Mengoli, 1981; Kilmartin, 
2002), copper (G. Mengoli, 1981; Ozyilmaz, 2005), and chrome-gold (E. M. Paul, 1981).  
 
The two mostly employed electrochemical modes for PANI synthesis are galvanostatic or 
potentiostatic. As certified by scanning electron microscopy, it is generally accepted that 
potential cycling leads to a more homogeneous product (A. Thyssen, 1989).  
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G. Zotti et al. (1988) observed that the rate of PANI electrodeposition in aqueous media is 
influenced by the anion concentration and not by the acid concentration, although acidic 
conditions are required for polymerization. They also concluded that aniline oxidation is 
catalysed by the fully oxidized form of PANI, i.e. pernigraniline.  
.  
2.2.2. Film fabrication techniques 
 
PANI in its salt form cannot be dissolved in most known solvents. Studies of fabrication 
of PANI as films and fibers were initiated since the discovery of its solubility in NMP in 
its emeraldine base form (Hsu and Epstein, 1988, Wei et al. 1992). A few other organic 
solvents were also found to be able to dissolve emeraldine base (Cao, 1990, Andreatta, 
1988). Andreatta et al. (1988) introduced a method to prepare PANI solution in 
concentrated sulfuric acid, and thereby fabricate into monofilaments and films.  
 
PANI films doped with d, l-camphor sulfonic acid (CSA), cast from m-cresol solution 
with evaporative deposition are of special interest for us (MacDiarmid et al., 1994, 
Djurado et al., 1997, Monkman et al., 1997, Rannou et al., 1999).  It was widely reported 
that PANI films (cast from m-cresol) doped with chiral camphor sulfonic acid show strong 
optical activity of the conducting films in the visible and IR regions (Trigellar, 2002, 
Maguire, 1999, Winokur, 2001, Guo, 1999). Lee (1993) characterized PANI films doped 
with CSA using optical reflectance. Their analysis indicates that PANI-CSA is a 
disordered metal on the metal-insulator boundary. The concept of ‘secondary doping’ was 
introduced with the development of CSA doped PANI membrane using m-cresol as the 
solvent (MacDiarmid et al., 1994). Upon ‘secondary doping’ effects, the molecular 
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conformation of PANI changes from a compact coil structure to an expanded structure, 
and acts to reduce pi -conjugation defects in the polymer backbone, leading to the increase 
of crystallinity and conductivity of the polymer (MacDiarmid et al., 1994).  
 
A new approach to synthesize thin films of the desired electronically conductive polymer 
(e.g. polyprrole, poly(N-methylpyrrole), polyaniline) onto the surfaces of microporous 
support membranes is interfacial polymerization (Martin et al. 1993). This interfacial 
polymerization yields thin film composite membranes in which the microporous support 
provides the requisite mechanical strength, and the conductive polymer provides the 
chemical selectivity. The porous support was covered with a thin layer of polymer film. 
Huang et al. (1990) successfully made ceramic/polyaniline composite porous membranes 
by diffusing ammonium peroxydisulfate and aniline into inorganic membrane disks. The 
pore size of the ceramic disk was approximately 1µm. Tan et al. (2003) developed a 
composite membrane by chemical polymerization of a thin layer of polyaniline in the 
presence of high oxidant concentration on a single face of a sulfonated cation-exchange 
membrane.   
 
2.2.3. Physical and chemical properties of polyaniline 
 
One of the properties governing the quality of the material is its molecular mass. Most 
authors are in agreement that the properties of the materials are more interesting, in 
particular the stability, when the molecular mass is large (MacDiarmid, 1991). A 
possibility to produce high molecular weight ( ≈ 325,000) PANI was reported by Tang et 
al. (1989). 
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PANI can exist in a variety of structures depending on the synthesis conditions and doping 
methods (Lux, 1994; MacDiarmid et al. 1987).  In its pristine state the chemically 
synthesized PANI is in emeraldine salt (ES) form, which has a half-oxidized and half-
reduced structure. It can be oxidized into pernigraniline form or be reduced into 


















Fig. 2.2 Several typical intrinsic oxidation state of PANI, LEB is leucoemeraldine, PEB is 
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It has been observed that a wide range of colours from pale yellow to blue could appear 
for both thin and thick polyaniline films on various types of electrodes (Geniès et al. 
1987b, Watanabe et al. 1987). The green product has a well-defined polymeric structure 
with the charges perfectly delocalized over the polymer backbone. (Snanuwaert et al., 
1987).   
 
Extensive investigations of the proton-induced insulator to metal transition of PANI have 
been carried out. The protonation of PANI does not occur at pH above 3, when the 
polymer remains essentially an insulator (σ ≤  10-8 S/cm) (Lux, 1994; MacDiarmid et al. 
1987). At lower pH the conductivity increases logarithmically with decreasing pH, and 
levels off at pH ≤ 0 with σ ~ 10 S/cm . This phenomenon is due to the unique structure of 
PANI where both carbon rings and nitrogen atoms lie within the conjugated path.  
 
XPS data revealed that protonation of polyemeraldine base by protonic acids occurs at the 
nitrogen atoms (Salaneck et al., 1987). Protonation-induced charges on the polymer chain 
are localized at nitrogen atoms, the carbon atoms being essentially unaffected.   
 
Kang et al. (1996) observed a hysteresis effect for the protonation-deprotonation cycle 
involving HCl. The hysteresis has been in part attributed to covalent HCl addition to the 
polymer backbone and the associated reduction in intrinsic oxidation state.  
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Scanning electron microscopic studies revealed that doped amorphous PANI could 
undergo a thermal transition to an oriented partly crystalline polymer (Wessling and Volk, 
1986). The results demonstrated that doped amorphous PANI could be transferred into 
partly crystalline state The crystal structure of PANI in the form of perchlorate and 
tetrafuoroborate salts has been demonstrated by X-ray diffraction (Baughman et al., 1988). 
Partly crystalline structure of PANI was also revealed by the measurements of transient 
photoconductivity (Phillips, 1989). 
 
2.2.4. Conduction mechanism of polyaniline 
 
There exist two completely different types of doping for polyaniline: oxidative doping or 
protonic acid doping. The protonic acid doping, or namely protonation, is usually 
accompanied by the formation of radical cations (polarons) and/or divalent cations 
(bipolarons), which are subsequently responsible for the conductivity increase in PANI 
(Epstein, et al. 1988). Polaron can be seen with EPR, and bipolaron can not.  
 
Several research groups have studied the relationship between conductivity of PANI and 
the bathing pH. Travers (1985) discovered that the conductivity remains essentially 
constant at the level 100 S cm-1 till pH 4 and then decreases to 10-10 S cm-1 in a pH range 
4-7. MacDiarmid (1987) reported a much steeper conductivity decrease, occurring over 
two pH units.  
 
PANI has been reported to be switched “on” or “off” by a shift of electrochemical 
potential, because PANI films are essentially insulating at sufficiently negative or positive 
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electrochemical potentials. Diaz et al. (1980) showed that PANI is conducting in the 
potential range -1.0 to 1.0 V (versus SCE). It was demonstrated by Geniès et al. (1985) 
that the polymer is conductive in the oxidative state between -0.2V (versus Ag/ Ag+ in 
acetonitrile) and 1.6V, where degradation of the material begins to occur.  
 
The charged species in most conducting polymers are polarons and bipolarons. Till now it 
is still under debate, what are the most effective charge carriers in PANI especially with 
varied doping level and the presence of well-defined intrinsic redox states. It was 
demonstrated by Tanaka et al. (1990) that polaron is energetically more favourable than 
bipolaron coupling in heavily oxidized PANI, but in the whole bulk of PANI, the polaron 
may not be evenly distributed. Based on the simultaneous EPR and electrochemical 
measurements, Tang et al. (1992) suggested that the polaron is favoured in the initial 
doping process, and the bipolaron is dominant in the final doping stage.  
 
 Epstein and MacDiarmid et al. (1993) strongly favour spin-carrying polarons as the main 
factor in the intramolecular charge transport process. Lux (1994) also suggested that the 
spin-carrying species (polarons) in the doped PANI are the main charge carriers and also 
suggested the possibility for some sort of polaron-bipolaron transformation. Mu et al. 
(1998) suggested that bipolarons (spinless) were predominant charge carriers, and at lower 
doping levels bipolaron dissociates into polarons (a spin-carrying charge carrier) by an 
internal redox mechanism.  
 
2.2.5. Applications of polyaniline  
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The practical application of polyaniline that inspired most interests is in the area of 
electrochemical batteries. Fumio Goto et al. (1987) demonstrated that polyaniline shows 
promise as a material for positive electrodes in lithium secondary batteries, since 
polyaniline electrode synthesized by electro-polymerization exhibits good specific 
capacity, stability, reversibility, and low self-discharge in an LiClO4/PC electrolyte. The 
application of polyaniline for rechargeable lithium battery was also discussed by many 
other groups (Miyazaki, 1987; Nakajima and Kawagoe, 1989; Lira-Cantu, 1999).  
 
The electrochromic properties of polyaniline coated electrodes have been extensively 
investigated because of their possible applications in display devices (Tetsuhiko, 1984; 
Geniès, 1987; Kitani, 1986; Malta, 2002). The advantages of using electrochemically 
deposited polymers are their ease of preparation and the uniformity of the prepared films.  
 
The possibility of using PANI for electroanalytical purposes stimulated the development 
of potentiometric (Dong, 1988) and voltammetric (Ikariyama, 1986) anion-selective 
sensors in which oxidized fragments of a conducting polymer matrix are cationic centers. 
Another type of polymeric electrode with a response to the concentration change of aniline 
monomer in solution was reported (Vinokurov, 1989; Vinokurov, 1990). PANI was also 
used as the selective layer in a chemical-vapor sensor, such as resistance-type detectors 
(Kaner, 2004). Besides, redox sensors based on the intrinsic redox reactions of PANI have 
also been developed (Vinokurov, 1992, Prasad, 2002).  
 
Interest in PANI membranes for gas separation originates from the work by Anderson et al. 
(1991), where the authors reported some high separation factors for O2/N2 (α =30), H2/N2 
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(α =3, 590) and CO2/CH4 (α =336). The enhanced permeation of O2 in comparison to N2 
suggests that PANI membranes could be effective in separating O2 from air, which is 
especially challenging since N2 molecules (3.64 Ǻ) are only slightly larger than O2 
molecules. Mattes et al. (1992) suggested that this kind of phenomenon is related to 
selective transport of para-magnetic oxygen with the free electrons in the doped polymer. 
It was later shown by Rebattet et al. (1993 and 1995) from electron spin resonance (ESR) 
studies, that the polaron-O2 interactions are the dominating mechanism for O2 
permeability in the HCl doped membranes.  
 
2.3. Redox and ion transport properties of polyaniline  
 
2.3.1. Redox properties of polyaniline 
 
The oxidation and the reduction of PANI can be conducted chemically or 
electrochemically, irrespective of the method used for the synthesis. The number of 
electrons involved detected by multiple potential step chronocoulometry (PSC) was 
0.6~0.75 e-/ aniline ring, and the result showed that PANI is conducting only at oxidized 
state (Geniesl,1986).  
 
Huang et al. (1986) described the pH dependent redox potential of PANI. The extent of 
protonation was demonstrated to be closely correlated with the intrinsic oxidation state of 
PANI. It was found that pKa for imine groups and amine groups are 5.5 and 2.5 
respectively.  
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MacDiarmid (1987) found that PANI film has various intrinsic domains with different 
length of pi -conjugated fragments. Each domain has an individual redox potential and 
they are distributed over a mean redox potential. Later these data were confirmed using 
potential-step chronocoulometry, and the mean redox potential of PANI in different acidic 
solutions determined by measurement of doping level at different oxidation potentials was 
0.71 V and 0.16 V vs. Ag/AgCl for pernigraniline/ emeraldine base and emeraldine base/ 
leucoemeraldine base, respectively (Yano et al ,2001) 
 
Reduction and oxidation behaviour of PANI modified electrodes has been investigated by 
many groups. Diaz et al. (1980) used the PANI film on platinum as an electrode to drive 
the redox reaction of ferrocene dissolved in CH3CN containing 0.l M Et4NBF4. In this 
case, well defined redox peaks were identified on the cyclic voltammogram curve and the 
peak size was related to the geometric area of the electrode surface. The electrocatalytic 
reduction of HNO3 at PANI modified electrodes was demonstrated by Mengoli et al. 
(1989). It was shown that when the intermediate reactant HNO2 was formed, the 
autocatalytic reduction process was activated. Deslouis (1989) using steady-state, ac 
impedance and EHD impedance methods demonstrated the redox reaction of the 
[Fe(CN)6]3−/4− couple with polyaniline films. Later, Gholamian (1990) and Hable (1991) 
reported oxidation of formic acid and methanol respectively on polyaniline-coated 
electrode. The Fe3+ reduction reaction at polyaniline rotating disk electrodes was studied 
using steady-state and impedance methods by Deslouis et al. (1991). Sato (1994) reported 
the redox reaction of PANI modified electrode with aminobenzonitrile. The polymer was 
shown to be oxidized from emeradine form to pernigraniline. Good electrocatalytic 
properties of polyaniline coated glassy carbon electrodes towards ascorbic acid oxidation 
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were found by Casella (1997). The location of the reactions was discussed and 
experimental evidence that the cross-exchange reaction is the rate-determining step was 
provided. Duić et al. (2001) investigated the catalytic effect of PANI on the 
hydroquinone/quinone redox reaction with respect to different morphologies which are 
known to depend on the counter-ions during the synthesis. It was found that PANI lowers 
the H2Q/Q reaction potential, as well as the potential difference obtained by cyclic 
voltammetry, meaning that PANI catalyze the redox reaction of hydroquinone/quinone. 
Prasad (2002) demonstrated the electrochemically catalyzed redox reactions of 
ferrous/ferric and hydroquinone/quinone (H2Q/Q) on polyaniline deposited Pt electrodes. 
The reduction of CO2 on PANI electrode in a membrane cell was demonstrated (Köleli et 
al. 2004), where the reaction products were found to be formic acid and acetic acid. The 
membrane cell in this case was a glass cell divided with a Nafion® 417 membrane. Farrell 
et al. (2004) reported treatment of highly toxic Cr(VI) at a PANI film coated electrode 
with the yield of the reaction product of much less toxic trivalent state [Cr (III)]. The 
kinetics was pseudo-first-order with one reaction phase or two depending on film 
thickness. This behaviour was explained by the oxidation of the polymer from fully 
reduced leucoemeraldine state via intermediate emeraldine to the fully oxidized 
pernigraniline. There was a general increase in the pseudo-first-order rate constants with 
increasing film thickness, due the higher content of reduced units in thicker PANI film. 
Typical values for the pseudo-first-order rate constant for the thin polymer were 0.0039 
min-1.  
In contrast, the redox behaviour of chemically synthesized PANI has been much less 
investigated. Kang et al. (1996) conducted the study of reduction and accumulation of 
gold from chloroauric acid solution. PANI could typically accumulate more than five 
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times its own weight of gold before the reduction rate was substantially retarded by the 
loss of active surface area due to gold coverage. Wang et al. (2000) reported the uptake of 
Pd from PdCl2 and Pd(NO3)2 solutions by leucoemeradine films, attributed to the presence 
of anionic Pd complexes existing in the solutions that can react with polyaniline nitrogens. 
The redox reaction in Pd(NO3)2 solution results in the deposition of predominantly Pd0 
species whereas in PdCl2 solution the distribution of Pd states on the PANI film is 
dependent on the reaction time.  
 
Detailed kinetic analysis of the redox process on the PANI was described by Lei and 
Kocherginsky (2000). These authors used a model reaction of acidic Fe3+ reduced by 
PANI films. The kinetics was pseudo-first-order in terms of both amine nitrogen and Fe3+ 
and had two (fast and slow) kinetic phases. It was demonstrated that the fast step was 
governed by the reaction near film surface, while the slow step is an ion diffusion 
controlled process.  
 
2.3.2. Redox associated ion transport properties of polyaniline 
 
The redox reactions of PANI are believed to be accompanied by ion migration into/out of 
the polymer film to maintain the local electroneutrality of the bulk polymer. It was 
suggested that two kinds of redox reactions were involved in the electrochromic reaction 
of polyaniline (Kobayashi et al., 1984). One was concerned with proton 
addition/elimination reaction which gave a couple of well-defined voltammetric waves at 
potentials less positive than 0.3V vs. SCE. The other reaction occurred at potentials more 
positive than 0.3V, and was related with the insertion of anions into PANI film during its 
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oxidation and elimination of anions during its reduction. Baochen (1987) and Zotti (1988) 
found that some anions lead to compact PANI structure (BF4-, ClO4-, CF3COO-) in 
contrast to other anions (SO42-, NO3-, Cl-) leading to an open structure.  Zotti (1988) 
suggested that the anion determines the structure but the type of anion does not govern the 
electron transfer rate, probably because the authors mainly used small-molecular inorganic 
acids for doping PANI, such as Cl-, NO3-, SO42-, and ClO4-. Koziel (1993) found that the 
redox properties of polyaniline coated electrodes significantly changed with the increase 
of the concentration of small anions in the solution, however, large-molecule anions such 
as heteropolyanions didnot show remarkable influence.  
 
 Daifuku et al. (1989) applied piezoelectric quartz crystal microbalance (QCM) technique 
to investigate the redox mechanism of PANI, since the weight change of the PANI film 
resulting from the reaction can be expected to give direct information concerning the 
reaction mechanism. The results definitely demonstrated that anion insertion into the 
polymer phase occurred during its oxidation at the first oxidation peak. Daifuku (1991) 
also observed that the redox behavior of PANI in non-aqueous system was distinct from 
that in aqueous system especially in the second (more positive) peak of the cyclic 
voltammogram. It was suggested that the second oxidation process as well as the first one 
must be accompanied by anion insertion in non-aqueous solution.  
 
Torresi (1999) emphasized the role of ionic transport during redox reactions of PANI 
films with QCM measurements. It was suggested that the contribution of each ionic 
species depended on the counterion used in the electropolymerization process. On the 
other hand, when the anion charge/size relationship decreases, the proton contribution to 
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the electroneutralization process increases; there is also a diminution of solvent transport 
in the polymer/electrolyte interface. Varela (2000) studied the role of ionic transport and 
solvent participation during redox reactions with the electrochemical quartz crystal 
microbalance and have suggested that both cation and anion contribute to the 
electroneutralization process, and the participation of solvent molecules was related to 
changes in the oxidation state of the polymer matrix.  
 
2.3.3. Direct ion transport processes across free-standing pi -conjugated polymer 
membranes 
 
In comparison to numerous studies on ion insertion/expulsion during redox switching of 
PANI and polypyrrole (PPy) film coated electrode, those focusing on direct ion transport 
through free-standing PANI and PPy membranes were rather scarce.  
 
Burgmayer et al. (1983) reported that the permeability of PPy membranes to certain ions 
could be controllable by polarization at different potentials. Lei et al. (1999) found that 
PANI membrane has different permeability and ion selectivity in the undoped and HCl 
doped states. The undoped membrane is selective to H+ but is hardly permeable to other 
inorganic ions. After HCl doping, the membrane becomes anion/H+ selective, due to 
increase of water content and structural changes in the membrane induced by protonation. 
As the result in the gradient of HCl it was possible to observe coupled H+/anion transport 
through PANI membranes (Lei et al. (2000). It was also found that the initial time lag was 
highly dependent on the donor H+ concentration, and was determined by the slow 
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structural changes of the polymer in acidic doping. H+
 
flux was proportional to initial H+ 
concentration in the donor solution, and then it reached a maximal value due to saturation.   
 
2.4. Membrane based redox processes 
 
Membrane based electron transfer reactions are vital for the processes such as respiration 
and photosynthesis in living systems (Bartlett, 1996). Electron transfer reactions are 
linked to essential processes in living systems that separate charge across biological 
membranes and thus establish ion and pH gradients and drive reactions in the cell (Bartlett, 
1996).  
 
Stimulated by the in-vivo electron transfer processes, a few groups have modelled electron 
and ion coupled transport through so-called liquid support membranes, in order to mimic 
the similar processes in living systems. Danesi et al. (1986) demonstrated membrane 
based redox reactions across a redox supported liquid membrane (RSLM). The 
microporous polypropylene film was used as support for the electron carrier of 2,5-di(tert-
pentyl)hydroquinone dissolved in a solvent mixture of diisopropylbenzene, decaline and 
tributyl phosphate. Jackman (1987) investigated the electron transfer process through 
immobilized liquid membranes with microporous polypropylene films as the support and 
Vitamin K3 as the carrier. Kocherginsky et al. (1989) reported a redox reaction between 
ascorbate and ferricyanide separated by liquid polymer-supported membranes. The 
membranes were made of nitrocellulose ultrafilters impregnated with 2,5-dichloro-l,4-
benzoquinone solution in isobutyl laurate that acted as charge transfer carrier. A photo-
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stimulated transmembrane redox reaction was also demonstrated by the same group (1991) 
using liquid polymer-supported membranes.  
 
Deslouis et al. (1996) were the first group to investigate the redox reactions based on 
conductive polymer (PPy) using a symmetrical arrangement (electrolyte/film/electrolyte). 
Different redox couples such as Fe3+/ Fe2+ and Fe(CN)63-/Fe(CN)64- were used across the 
film to investigate electron and ion coupled transport through PPy film.  They found that 
the ac impedance response depended: (i) mainly on faradaic process, when the membrane 
ionic conductivity is low and the redox process is fast, and (ii) mainly on the ionic 
transport through the membrane, when the ionic conductivity is high and the redox 
process is slow. Since mainly steady-state current-potential dependence and ac impedance 
were investigated, the reaction rates were not presented.  
 
Matsumura et al. (1996 and 1997) demonstrated the coupled transport of electrons and 
ions through polyaniline films loaded with semiconductor particles with the applied 
electrochemical potentials across the films. By photoirradiation of the semiconductor 
particles, 2-propanol was oxidized on the particles and iron (III) was reduced on the other 
surface of the conducting polymer films. Protons were suggested as the main ionic carrier 
in the acidic conditions.  
 
Kocherginsky (2005) investigated the transmembrane redox reactions through free-
standing PANI membranes doped with HCl in the presence of acidic FeCl3 solution at one 
side of the membrane and ascorbic acid solution at the other side. In this case, the electron 
and ion transport was monitored continuously by simple potential and pH measurements. 
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Anions were demonstrated to be the ions coupled with the electron transport in the 
opposite direction. It was found that due to lost electroactivity of PANI-HCl membranes at 
less acidic pH the reaction could not proceed unless at least one of the solutions had 
pH<3.0.  
 
Although tremendous number of papers have been published so far concerning polymer 
synthesis, physico-chemical properties and practical applications of PANI, few studies 
focused on electron and ion coupled transport through free-standing PANI membranes 
driven by chemical potential gradient. No systematic investigation was published on the 
redox reactions and transmembrane redox reactions of free-standing PANI films in neutral 
aqueous electrolytes, probably due to well known poor electroactivity of PANI film doped 
with small-molecular acid, such as HCl, in neutral pH.  
 
The purpose of this PhD project was to explore the redox behaviour of PANI films in 
aqueous solutions, especially at neutral pH, and to develop new membranes where PANI 
would stay active near neutral pH and have high redox reaction rates. This research 
encompasses the chemical synthesis and instrumental characterization of PANI 
membranes, investigation of reaction kinetics for these membranes in the presence of the 
aqueous solutions of different redox reagents, demonstration of transmembrane redox 
reactions through PANI membranes at practically physiological pH, investigation of the 
charge transfer mechanisms behind them, and exploration of the possible applications of 
these processes.  
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3.1 Introduction 
 
Polyaniline (PANI), as a representative member of electroconductive polymer materials, 
has attracted intensive attention both because of fundamental interest and possible 
practical applications, including supercapacitors and electrolytic capacitors (Kwang, 2002, 
Li, 1995), photoelectrochemical assemblies and microelectronic devices (Dong, 1991, 
Lofton, 1986), etc.  
 
Many of the previous papers were focused on the redox processes where PANI formed a 
film on an electrode surface. Different research groups have investigated the redox 
behavior of H+ doped PANI (Genies, 1990, Goff, 1993, Ping, 1997). Redox reactions of 
polyaniline (PANI) prepared by either chemical or electrochemical approaches are 
possible without notable degradation of the polymer backbone (Kobayashi, 1984, Genies, 
1987, Sariciftci, 1987, Kang, 1998, Jernigan, 1987, Pickup, 1983, Mengoli, 1986). 
Hydrolysis of polyaniline becomes important only at anodic potential higher than 0.8V 
(Chen, 2002). Cyclic voltammetry demonstrated that redox processes on PANI electrodes 
involved anion insertion/expulsion from polymer network (Genies, 1985), which was also 
evidenced by means of piezoelectric quartz crystal microbalance (Daifuku, 1989, Orata, 
1987).  
 
Earlier we have demonstrated that even without electrodes chemically synthesized PANI 
films doped with HCl can react with FeCl3 in acidic solutions (Lei, 2000). The kinetics has 
two characteristic steps. The first and the fast one is determined by the heterogeneous 
electron transfer on the interface, while the second one is possible due to electron/Cl- 
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coupled transport in the polymer phase (Lei, 2000). Though PANI in acidic media is 
doped by H+ and has metallic conductivity, mechanism of the redox processes in doped 
polyaniline films is different in comparison to common heterogeneous reactions with 
metals, which are restricted by the metal surface. As we know, deeper layers of the metal 
are able to react only if the outer layers are dissolved as the result of corrosion. Metals 
have only electron conductivity, while synthetic metals have both electron and ion 
conductivity in contact with aqueous solutions. As the result the problem with charge 
separation does not exist, the redox process is not restricted by the surface, and the whole 
volume of polymer can react with the metal ions in solution. Nevertheless the limitation of 
this system is that redoxactivity of HCl doped PANI is important only at pH<4.0 (Lei, 
2000).  
 
Therefore it would be interesting to develop a system that can stay active not only at 
acidic pH. Another purpose is to increase the rate of the redox reactions, which would 
make them more attractive for future possible applications.  
 
In this chapter, the redox behavior of PANI film doped with d,l-camphor sulfonic acid 
(PANI-CSA film) is described. PANI-CSA film was chosen due to its metal-like behavior 
(MacDiarmid, 1994, MacDiarmid, 1995, Lee, 1993, Epstein, 1987) and sufficient 
mechanical strength. We demonstrate that though kinetics in general is similar to the one 
observed with HCl doped films, the redox reactions of PANI-CSA film are possible also 
at neutral pH. At acidic pH the rate of the redox reaction with Fe3+ is much higher than 
that of HCl doped films in the same conditions.   
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3.2 Experimental methods 
 
3.2.1 Chemical synthesis of EB powders and PANI films 
 
Aniline (AR, Sigma®) was distilled in advance. Other reagents were used as received. 
Polymerization of aniline was carried out at 0◦C in 1M HCl solution by the dropwise 
addition of (NH4)2S2O8 (pre-cooled to 0◦C) as initiator. Freshly collected PANI was in 
emeraldine salt (ES) form, which was rinsed with a small amount of HCl and then dried in 
vacuo. Undoped emeraldine base (EB) powder was produced from finely crushed ES 
powder that was soaked in 0.1M NH4OH for 8 hrs. Dried EB powder was dissolved in N-
methyl-2-pyrrolidone at a concentration of 2g EB / 100ml NMP. Polymer solution was 
filtrated through 0.22 µm filter unit (MILLEX®-GP), and subsequently poured into flat 
Petri dishes to cast EB films on a freeze dryer (Thermo Savant, USA) at -50 ºC and 160 
mbar pressure. HCl doped PANI film was obtained by soaking EB film in 1 M HCl for 16 
h (Lei, 2000). 
 
In the case of PANI-CSA film, initially EB powder was mixed with vacuo dried CSA 
powder at a molar ratio of 1:2 to get favorable electroconductivity of the material 
(MacDiarmid, 1995). The mixture was dissolved in m-cresol at the content of 15g/L for 2 
days. Then polymer solution was used to cast films in the freeze dryer. Fabricated film 
thickness was around 80µm both for HCl and CSA doped PANI. Films after preparation 
were kept in dry atmosphere and characterized as-cast by different methods such as FTIR, 
DSC and TGA.   
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3.2.2 Instrumentation 
 
FTIR and FTIR-ATR (Attenuated Total Reflection) measurements were performed on a 
Perkin Elmer 2000 FTIR spectrophotometer within the wavenumber range of 400~4000 
cm-1 and the resolution 4 cm-1.  
 
XPS spectra were collected on a VG ESCALAB MkII spectrometer equipped with Mg 
Kα X-ray source (1253.6 eV photons). To compensate for surface charging effects, all 
binding energies were referenced to the C1s neutral carbon peak at 284.6 eV.  
 
DSC curves were measured on a Differential Scanning Calorimeter 822e (Mettler). Mass 
of the samples was 0.1g. Films were crushed into small pieces, and placed in a closed pan 
in measurements. All tests were performed under nitrogen flow at the rate of approx. 
200ml/min. Programmed heating scheme was 10 ºC/min from -100 ºC to 0 ºC, followed 
by 20 ºC/min from 0 ºC to 300 ºC. Lower scanning rate at negative temperatures was used 
to detect small peaks of structurized water.  
 
A TGA 2050 Thermogravimetric analyzer (TA Instruments, USA) was used to obtain 
weight changes when temperature was raised from 0 ºC to 300 ºC at 5ºC/min under N2 
atmosphere. Film samples were cut into small pieces before measurements and had the 
weight of 0.1g. 
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FESEM (Field Emission Scanning Electron Microscopy) pictures were taken on JSM-
6700F (JEOL, Japan). The films were sputtered with platinum to ensure good electronic 
conductivity of the samples.  
 
3.2.3 Redox reactions of PANI-CSA films in aqueous oxidizing agents  
 
Fresh PANI-CSA films were cut into pieces with surface area of 4.9 cm2 or specified 
otherwise in the text, and then soaked in the oxidizing solution in a single cell setup (the 
volume of 36 ml), which was continuously stirred mechanically at ~130 rpm. Redox 
potentials of FeCl3 + HCl and K3Fe(CN)6 aqueous solutions were recorded by Pt electrode 
vs. Ag/AgCl electrode (saturated with KCl) that are connected to an Autolab workstation 
(EcoChemie BN, Netherlands). Solutions were calibrated by standard addition method. 
The calibration results were well in line with Nernst equation with the standard redox 
potentials equal to 520 mV and 130 mV for FeCl3 and K3Fe(CN)6 respectively. Redox 
reaction rates were calculated based on experimental kinetics of redox potential changes 




3.3.1 Characterization of PANI-CSA films 
 
No IR spectral peaks of PANI-CSA film could be observed with normal FTIR. Only using 
FTIR-ATR we were able to detect a few small peaks. Decrease of IR absorption in this 
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case is due to the delocalization of electrons after acid doping (Lux, 1994), and is 
consistent with the previous observations with fully doped PANI-HCl films (Lei, 1999).  
 
In N 1s core-level XPS spectrum of chemically and electrochemically synthesized PANI 
the peaks of imine (=N-), amine (-NH-), and positively charged nitrogen (N+) correspond 
to binding energy of 398.2 eV, 399.4 eV, and >400 eV respectively (Kang, 1998). Curve 
fitting of the PANI-CSA film XPS spectrum (Fig 3.1) gave 67.7% amine and 33.3% of 
positively charged nitrogen. The small imine peak again reflects highly acid doped state of 
PANI.  
 
Both PANI-CSA and EB films had endothermic peak at around -10ºC in DSC which 
could be attributed to the presence of thin water layers bound on polymer chains (Fig 3.2).  
Earlier it was demonstrated that absorbed water in PANI could be strongly bound in 
polymer matrix, with the binding energy up to 15-18 kcal/mol (Matveeva, 1995). Bound 
water appearing at negative temperature was also found in other organic polymers (Ruiz, 
2003). The two exothermic processes at around 75 ºC and 210 ºC for PANI-CSA film can 
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The weight loss detected by TGA from 0ºC to 100 ºC could be explained by the removal 
of water (Fig 3.3). Water sorption was ~7 wt%, 11 wt% and ~13 wt% in undoped EB film, 
HCl doped PANI film (Lei, 1999) and CSA doped PANI film, respectively.  
 
FESEM pictures demonstrated largely different surface morphology of EB film and 
PANI-CSA film (Fig 3.4). Surface of the former was flat and granular, however that of the 
latter was quite rough and contained a lot of polymer aggregates. 
 
3.3.2 Reaction of PANI-CSA films with FeCl3 in acidic media 
 
When pieces of PANI-CSA  film were added into 0.01 M FeCl3 + 0.01 M HCl solution in 
the presence of different concentrations of KCl, the redox potential of the aqueous phase 
sharply decreased, corresponding to the reduction of Fe3+ to Fe2+ by PANI film (Fig 3.5). 
Addition of 2, 4, 6-tri-2-pyridyl-s-triazine proved the formation of Fe2+ by appearance of a 
typical blue color. Comparison of the experimental and standard redox potential 
demonstrates that initially the ratio of Fe3+/ Fe2+ was approximately 270 to 1 and then after 
5 hrs it decreased almost to 6/1 in the presence of 0.1M KCl.  
 
The reaction rate increased at the initial moments and after 2-5 minutes, two (fast and 
slow) kinetic phases could be distinguished clearly in the kinetic curves (Fig 3.5). This 
figure also shows remarkable influence of KCl concentration on the reaction rate of PANI-
CSA film in FeCl3 solution. Similar biphasic kinetic phenomenon and the effect of KCl 
was also observed with HCl doped PANI film (Lei, 2000). Fig 3.6 further confirms  
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Fig 3.5 Typical kinetics of redox potential changes due to 0.01M FeCl3 reduction upon 
addition of PANI-CSA film into the solution, in presence of: 0.01M HCl (1); 0.01M HCl 



















































Fig 3.6 Pseudo-first-order kinetics of reduction of Fe3+ in the presence of PANI-CSA film 
demonstrating fast and slow kinetic phases.  
Oxidizing agent: 0.01M FeCl3 + 0.01 M HCl + 0.1 M KCl.  
[Fe3+]0 is the initial Fe3+ concentration 
Insert: concentration of total FeCl2 formed after 330 min as a function of [Cl-] 
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FeLn  as a function of time, where 
[Fe3+]0 is the initial Fe3+ concentration. The pseudo-first-order reaction rate constant of the 
fast phase with 0.1M KCl was ~3.5 times higher than that of the slow phase, which 
became dominant after 60 min. The insert in this figure shows that the total amount of 
reduced FeCl3 after 330 minutes substantially increased with the increase of KCl 
concentration. The experimental error was less than 10%.  
 
Fig 3.7 demonstrates that the reaction rate is proportional to the surface area of PANI-
CSA for both kinetic phases. Therefore in the remainder of this chapter the author will use 
units of mole/cm2s to express the reaction rate.  
 
A typical initial reaction rate was 5*10-9 mole/cm2 s in the presence of 0.01 M Fe3+ in 0.01 
M HCl + 0.5 M KCl, which was ~4 times higher than that of PANI-HCl at similar 
conditions.19 Both of the reaction rates for the fast and slow phases increased with Fe3+ 
concentration (Fig 3.8) and reached a plateau after saturation. Moreover the effect for the 
slow phase was lower than that of the fast phase and the inserted figure shows this 
behavior in the reversed coordinates.  
 
Fig 3.9 demonstrates that the reaction rate of the fast phase increased with the KCl 
concentration (curve 1) until a plateau observable at around 0.6 M KCl. Similar tendency 
was observed for the second, slow phase (curve 2) and the ratio of reaction rates for the 
two phases decreased at high KCl concentrations. At lower Cl- concentrations fast and 
slow rate constants differed at least by a factor of four. Redox reaction of PANI film with  

































Fig 3.7 Rate of Fe3+ reduction as a function of the surface area of PANI-CSA film for both 










































































Fig 3.8 Specific initial rate of Fe3+ reduction as a function of [FeCl3]0 in the presence of 
0.01M HCl for the fast (1) and the slow (2) reaction phase. Insert: 1/reaction rate versus 
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Cr (VI) in sulfuric acid was also biphasic and if the film thickness was more than 120 nm 
the ratio of the effective first order rate constants was similar to observed here with Fe3+ 
(Farrell, 2004). The insert in the Fig 3.9 demonstrates that the Cl- concentration dependent 
behaviors could be transformed into straight lines in the inversed coordinates.   
 
We also found that pH increase in FeCl3 solution up to pH 3 had little influence on the 
reduction rate of Fe3+, if Cl- concentration was kept constant. This pH independence is 
distinct from the redox behavior of PANI-HCl doped film, where the reaction rate with 
FeCl3 significantly decreased with the increase of pH (Lei, 2000).  
 
3.3.3 Reaction of PANI-CSA films with K3Fe(CN)6  
 
Experiments with Fe3+ are impossible near neutral pH because of the Fe3+ hydrolysis.  
Therefore we attempted to carry out the reactions with ferricyanide/ferrocyanide. Fig 3.10 
demonstrates the reduction kinetics of K3Fe(CN)6 at pH 6.4 upon addition of PANI-HCl 
(curve 1) and PANI-CSA films (curve 2). Fe(CN)63- was rapidly reduced in the presence 
of PANI-CSA film, in contrast to much slower response with the PANI-HCl film in this 
pH range. The initial specific reaction rates in the presence of PANI-HCl and PANI-CSA 
films were 5.6*10-11 mol/cm2 s and 5.8*10-9 mol/cm2 s, respectively. Again two kinetic 
phases were observed with Fe(CN)63-, and the rate of the slow phase was lower than the 





































































Fig 3.9 Effect of Cl- concentration on the specific reduction rate of Fe3+ for both fast (1) 
and slow (2) kinetic phases. Oxidizing agent: 0.01M FeCl3 + 0.01M HCl + KCl. Insert: 1/ 
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Fig 3.10 Typical kinetics of redox potential changes of 0.01M K3Fe(CN)6 at pH 6.4 
(adjusted with phosphate buffer) upon the addition of (1)  PANI-HCl films and (2) PANI-
CSA films  
 
 



























Fig 3.11 Pseudo-first-order kinetics of Fe(CN)63- reduction with PANI-CSA films.  
Oxidizing agent: 0.01M K3Fe(CN)6 solution at pH 6.4 (adjusted with phosphate buffer). 
[K3Fe(CN)6]0 is the initial concentration 
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Fig 3.12 demonstrates the influence of KCl addition on the reduction of K3Fe(CN)6 in the 
presence of PANI-CSA. The original solution used in this case had an equilibrium mixture 
of both 0.001M K3Fe(CN)6  and 0.001M K4Fe(CN)6 and its potential was 130 mV. 
Addition of PANI-CSA film induced reduction of K3Fe(CN)6 as was demonstrated 
previously. Once the redox potential became relatively stable and reached the value of 67 
mV, a certain amount of KCl was added into the solution and redox potential further 
decreased to 42 mV, which took several minutes. The control experiment without PANI-
CSA demonstrated that addition of the same amount of KCl itself immediately increased 
the redox potential of the system by 40 mV due to the effect of ionic strength. This value 
was deducted from the experimental curve and the final redox potential after correction 




If PANI is doped with HCl, dopant anions can be released from polymer network during 
its oxidation and deprotonation process (Lei, 2000). The depressed electroactivity of final 
material explains the sluggish redox behavior of PANI-HCl at pH>4.0. In contrast, CSA 
anions because of the bulky size are essentially incapable to diffuse out of the PANI film 
(Kocherginsky, 1989). This may be the reason why redox process with PANI-CSA can 
proceed steadily in less acidic media. The electroconductivity of CSA doped PANI is 
markedly higher than that of PANI-HCl (MacDiarmid, 1995, Lee, 1993), which correlates 
with higher initial reaction rate of PANI-CSA film than that of PANI-HCl film in acidic 
FeCl3 solutions.  
 

























Fig 3.12 Concentration changes of K3Fe(CN)6 after addition of 0.72 g of PANI-CSA film 
cut to small pieces and then addition of 1.49g KCl. Oxidizing solution had both 50ml of 
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The following scheme for CSA- PANI and FeCl3 redox reaction in acidic solution can be 
suggested. In the presence of high content of CSA as the result of doping some monomer 
groups are protonated, resulting in formation of polarons (Houze, 1997, Huang, 1986). In 


















Cl- anions are transported into the polymer matrix to compensate the excess charges inside 
the film. This elementary step is followed by the release of two H+ ions and CSA- from the 








N N +  2H+ +  CSA-  
 
 
It is known from voltamperometric measurements that the standard reduction potential for 
the pair of pernigraniline / emeraldine is ~0.71 V vs. Ag/AgCl in 1 M HCl, where 
pernigraniline and emeradine refer to fully oxidized and half oxidized form of PANI, 
respectively (Huang, 1986). The standard reduction potential of Fe3+/Fe2+ is 0.59 V vs. 
saturated Ag/AgCl electrode. For Fe(CN)63-/Fe(CN)64- it is even less (0.14 V). Based on 
these values it seems that PANI-CSA film should not be spontaneously oxidized by 
Fe(CN)63- and even by Fe3+. Nevertheless our experiments have shown that ~3 % of Fe3+ 
was reduced at the end of the initial fast reaction phase in the presence of 0.01M 
HCl+0.5M KCl, and almost 12 % Fe3+ was reduced after 300 min.  
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Usually redox mechanisms of polyaniline and other electroconductive polymers are 
established based on the thermodynamics of redox processes in homogeneous solutions. If 
we compare the amount of Fe2+ formed and the initial content of reduced monomer 
fragments in the polymer, we could get the ratio around 0.2, which means that the redox 
equivalents are given by the whole volume of the polymer and not only by the surface. It 
is necessary to keep in mind that one semi-reaction here is taking place in the bulk volume 
of the polymer, while another is in the solution. Thermodynamic paradox mentioned 
earlier can be resolved if we accept that these two processes are separated in space and 
have to be coupled via ion transport. Otherwise noncompensated transport of electrons 
would generate electrical potential due to charge separation and the process would 
immediately stop. Based on kinetic effects of KCl, transport of electrons in PANI is 
coupled with counter transport of chloride anion in the opposite direction (Schemes 3.1 
and 3.2).  
 
Evidently if we have high activity of anions in the solution and low activity of anions in 
the polymer, we should have a new driving factor for the redox process, which is simply 
the difference of electrochemical potentials for anions between the aqueous solution and 
the film. This is the reason why it is possible to regulate the reaction of Fe(CN)63-
/Fe(CN)64-with PANI-CSA film by simple KCl addition (Fig 3.12).  
 
 We should note that direct transport of Fe3+ in the film is negligibly small in this case (Lei, 
2000).  Cl2p core-level XPS spectrum of PANI-CSA film (Fig 3.13) directly  
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confirms the presence of chloride near film surface after its oxidation in acidic FeCl3 
solution. The existence of covalent chlorine may be attributed to the concomitant ring 
chlorination at high oxidation level of PANI in the presence of HCl (MacDiarmid, 1991). 
 
Oxidation of PANI-CSA film in FeCl3 solution had pseudo-first-order kinetics with two 
distinctly different kinetic phases, the rates of which differed by several times, depending 
on the Cl- concentration. Similar biphasic kinetics was observed by S. T. Farrell et al. in 
reduction of Cr (VI) by PANI film (Farrell, 2004). We can assume that the fast phase may 
be due to the rapid oxidization of amine nitrogens on polymer surface by absorbed Fe3+
 
or 
Fe(CN)63. This charge separation process is compensated by interface transport of chloride 
anion (Scheme 3.1). Later electron transfer from deeper layers of the film as well as Cl- 
jumping in the opposite direction must follow up as shown in the Scheme 3.2, thus 
keeping the phase electroneutral. This additional process in the sequence of elementary 
steps creates additional mass transfer resistance, which explains the existence of the 
second, slower step in the whole process.   
 
Earlier (Fig 3.9) we have mentioned that the ratio of the rates of the fast and slow steps 
decreased with the addition of KCl. Evidently at greater Cl- activity gradient across the 
polymer/solution interface, the transport of Cl- inside the film and as the result the whole 
reaction process becomes faster. The increased content of bound water inside CSA-doped 
polymer network, also mentioned previously, could play the key role as a media for Cl- 
transport between neighboring nitrogen sites, thus explaining higher redox activity of 
CSA-doped polymer.  
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(3) 
It should be stressed that this type of redox reactions is possible only in the case of 
synthetic metals, which are polymers and thus have reasonably high ionic conductivity. As 
the result, it is possible to reduce metal ions by PANI and even to use this process for 
precious metals recovery, including Pt and Pd and remediation of Cr (VI) (Wang, 2000, 
Kang, 1995, Farrell, 2004, Senthurchelvan, 1996).  
 
The kinetic mechanism on the PANI film surface in the presence of Fe3+ and Cl- in the 










where AmH is a polymer fragment of emeraldine with NH group. As the polymer is fully 
doped, imine groups are omitted here. K1 and K2 are dissociation constants for Fe3+ and Cl- 
adsorbed on the polymer, respectively. After Fe3+ adsorption the excess charge in the 
equation (1) is partially balanced by anion Cl- coming from the bulk solution. In the next, 
fast step the new radical form (polaron) is formed. Another source of polarons is acid 
doping, mentioned earlier. These polarons can be further oxidized by another Fe3+ or 
disappear because of the recombination/disproportionation. Finally Fe2+ is released into 
the aqueous solution mainly together with Cl-. Other Cl- anions are transported into the 
film in exchange to the electrons.  
 
Mass balance for polymer fragments interactions with Fe3+ and Cl- is:  
][][][][ 33 −++ ++= ClAmHFeAmHFeAmHAmH total  (2) 
The reaction rate R (mol/cm2s) in this case is: 













R total    (3) 
 
In 1 M HCl with low concentrations of Fe3+ (far from saturation) the redox rate is 
proportional to the Fe3+ concentration. The effective rate constant in this case is 1.4*10-3 
cm/s. The value of effective rate constant for HCl doped PANI reaction with Fe3+ in acidic 
media was 1.9x10-4 cm/s (Kocherginsky, 2005), which is an order lower than the one for 
the reaction with CSA-doped PANI film in the aqueous solution.  
 
Equation (3) can be rearranged as: 
2 1 2
3
1 1 (1 )[ ] [ ] [ ][ ]total
K K K
R k AmH Cl Fe Cl− + −
= + +   (4) 
 
Since Fe3+ and Cl- absorption are taking place mainly on the film surface, this equation 
corresponds to the fast reaction phase. If [Fe3+] is constant, e.g. 0.01M as in Fig 3.9, and 
Cl- concentration is increased, we can get the maximum redox rate, which is the product 
k[AmH]total. The intercept of 1/R versus 1/[Cl-] gives the value 1.5*10-8 mol/cm2s. If we 
further assume that the total concentration of doped nitrogen is 0.003 mol/cm3 (Dong, 
1991, MacDiarmid, 1994), then the interface reaction rate constant k is ~5*10-6 cm/s.  
 
Further analysis of Fig 3.8 in the reversed coordinates gives an intercept and slope as a 
function of Fe3+ concentration at a constant Cl-. Together with the equation (4) and total 
Cl- concentration it gives K1=0.24 M, which is similar to the value for HCl doped PANI 
(Lei, 2000) and then also the value of K2=0.045 M.  
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Table 3.1 The slopes and intercepts in the inserts of Fig 3.8 and 3.9 
Intercept slope 
(*108 cm2 s/mol) (*105 s/cm)
Fast phase (Fig 3.8) 1.4 0.18
Slow phase (Fig 3.8) 7.7 0.81
Fast phase (Fig 3.9) 0.66 0.77
Slow phase (Fig 3.9) 0.67 1.8
 
Deeper film layers become essential for the second, slow step. Since the penetration of 
Fe3+ into the interior of the PANI film is very slow, Fe3+ reduction is possible on the film 
surface due to electron transport from the inner parts to the surface, coupled with Cl- 
transport in the opposite direction. This counter ion transport process serves as an 
additional resistance, determining the rate of the second slow step. This agrees with the 
fact that the slopes for the fast and slow phase in the reverse coordinates are different 
(Table 3.1) and the effects of Fe3+ are less significant for the slow phases (Fig 3.8).  
 
The effect of KCl demonstrates the possibility to shift the equilibrium of the redox 
reaction of K3Fe(CN)6 and PANI-CSA film. Finally it was possible to reduce almost all 
ferricyanide. Evidently, this phenomenon provides an additional way to regulate the redox 
reaction involving PANI film simply by adjusting KCl concentration in the solution. The 
fact that CSA- doped PANI stays reactive even without high acid concentration in the 
solution significantly expands the range of possible redox reactions of this new material, 
including those in biological liquids and it means new potential bioengineering 
applications. 
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3.5 Conclusions 
 
Redox reactions of PANI-CSA films in acidic FeCl3 solutions and neutral K3Fe(CN)6  
solutions were described.  The initial rate of 0.01M Fe3+ reduction can reach 5*10-9 
mole/cm2 s in the presence of 0.01M HCl + 0.5 M KCl, and is higher than that obtained 
with PANI-HCl film at similar conditions. PANI film doped with CSA stays active at 
neutral pH with K3Fe(CN)6 as the oxidizing agent, which is different from dimished 
electroactivity of PANI-HCl film at pH>4.0. The redox processes are not limited by 
simple surface reaction and have two kinetically different steps (the initial, fast and the 
second, slower). Both of the kinetic processes are pseudo-first-order in terms of PANI 
nitrogen and the oxidizing species. The kinetic model for PANI oxidation by Fe3+ was 
suggested and its parameters were determined.  The two redox half reactions (oxidation of 
the polymer fragments and reduction of ions in the solution) are separated in space and are 
coupled by counter transport of electrons and Cl- anions into the opposite directions. A 
new phenomenon was demonstrated where the gradient of Cl- activity in the film changed 























TRANSMEMBRANE REDOX REACTIONS 
THROUGH POLYANILINE MEMBRANE DOPED 









 - 64 - 
4.1 Introduction 
 
As an electroconductive polymer, PANI showed promising properties as a membrane 
material for new type of processes, where electron and ion transport is possible through 
the nanoporous polymer films, separating two aqueous solutions (Matsumura, 1996, 
Matsumura, 1997, Kocherginsky, 2005).  
 
Electron and ion coupled transport is of special importance for membrane biophysics as it 
is one of the key steps of energy transformation in living cells. Earlier biomimetic 
membranes have been used for modeling this kind of processes (Fendler, 1987, 
Kocherginsky, 1989, Kocherginsky, 1991). Electron-proton coupled cotransport, 
facilitated by the built-in mobile lipophilic carriers-quinones, has been described for 
polymer-supported liquid membranes (Kocherginsky, 1989, Kocherginsky, 1991). Mosaic 
membrane systems made with ion-exchange membranes and electron transport 
membranes also could be used for similar purpose (Igawa, 1992). Previously an electron/ 
Cl- anion coupled counter transport process was conducted through HCl doped PANI 
membrane, which is possible only if in at least one side of the membrane has pH < 3.0 and 
the membrane is doped by the acid (Kocherginsky, 2005).    
 
In this chapter, we demonstrate a similar process through the camphor sulfonic acid (CSA) 
doped PANI membrane even if both solutions have almost neutral pH. A typical maximal 
transmembrane reaction rate was as high as 5 *10-8 mol/cm2s in the presence of FeCl3 
solution as the oxidizing agent and ascorbic acid as the reducing agent, which is nearly 25 
times higher than that with PANI-HCl membrane at the identical conditions 
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(Kocherginsky, 2005). The process is driven by coupled electron/anion transport in the 
counter-current direction. Important kinetic parameters of the process were determined. It 
is demonstrated that the increase of the transmembrane redox reaction rate in the presence 
of CSA by an order of value is determined both by enhanced ion transfer rate through 
nanolayers of water in the polymer network and by the increase of the rate constants for 
the interface redox reactions.  
 
4.2 Experimental methods 
 
4.2.1 Chemical synthesis of PANI powders and films 
 
The chemical synthesis methods for PANI powders and films were described in Chapter 3.  
 
4.2.2 Experimental setup and procedures for transmembrane redox reactions 
 
Experimental setup comprised a Teflon chamber with two compartments, separated by the 
membrane. Each compartment has a volume of 36 ml and membrane surface area of 4.9 
cm2.  
 
At the very beginning an oxidizing solution was added into one of the compartments and 
the opposite compartment remained empty. The membrane was pre-equilibrated with 
stirred solution until the redox potential in this phase became relatively stable. Then the 
reducing agent was added into the opposite compartment. Mechanical stirring was applied 
in both solutions at a rate of ~130 rpm. Redox potential of the oxidizing reagent was in-
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situ monitored with Pt electrode vs. Ag/AgCl (saturated with KCl) reference electrode. 
FeCl3 and K3Fe(CN)6 solutions were initially calibrated via standard addition method. The 
transmembrane reaction rate was determined from the initial part of the kinetic curve 
assuming that the redox potential decreased linearly with time in each relatively small 




4.3.1 Transmembrane redox reactions through PANI-CSA membrane at acidic pH 
 
A preliminary experiment was carried out to examine the direct diffusion of the involved 
redox-active ions through the PANI-CSA membrane. It was found that when the 
concentration of ascorbic acid in the donor solution is 0.05 M, the TOC in acceptor 
solution (initially deionized water) was no more than 10 ppm after 36 hrs of stirring in 
both compartments. The direct diffusion of ascorbic acid in this case is no more than 10-12 
mol/cm2s. Similarly, the direct diffusion of Fe3+ and Fe2+ was also examined with NaCNS 
and 2, 4, 6-Tri-2-pyridyl-s-triazine respectively. Optical measurements were conducted to 
examine the concentration of these ions in the acceptor solution. It was found that the 
direct diffusion of both Fe3+ and Fe2+ through PANI membrane is less than 10-12 mol/cm2s.  
 
Fig 4.1 shows a typical transmembrane redox process through PANI-CSA membrane 
using acidic FeCl3 solution as the oxidizing agent and ascorbic acid solution as the 
reducing agent. The decrease of redox potential in the FeCl3 solution in the initial stage 
corresponded to the reduction of Fe3+ to Fe2+ by doped PANI membrane (Chapter 3). 
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Once the redox potential in the liquid phase became relatively stable, ascorbic acid 
solution was injected into the opposite compartment. Upon the addition, redox potential in 
the oxidizing agent sharply dropped without notable time lag, demonstrating the transfer 
of redox equivalents from ascorbic acid solution. The absence of obvious time lag 
corresponds to the pre-doped state of the membrane.  
 
A few other redox couples were also examined for such a process, such as 
FeCl3+HCl/FeCl2+HCl, (NH4)2S2O8-H2SO4/Na2S2O3, and FeCl3-HCl/KI. Among the 
chosen reducing agents, ascorbic acid solution was characterized with the best 
performance, although its oxidation potential is lower than that of Na2S2O3 and KI. This is 
probably due to its nature as an acid that may lead to good interactions with the PANI 
membrane.  
 
FeCl3 was selected as the oxidizing reagent because of its moderate redox potential, 
stability in acidic solutions and fast response in redox potential measurements.  
 
The maximal transmembrane reaction rate was achieved essentially at the very early 
moments of the transmembrane process in the condition of Fig 4.1. In the typical 
experiment with 0.01M FeCl3+ 0.3M HCl as the oxidizing reagent, and 0.05M ascorbic 
acid as the reducing reagent, the maximal transmembrane reaction rate was equivalent to 
5*10-8 mol/cm2s in terms of Fe2+ formation. This rate is nearly 25 times higher than the 
transmembrane reaction rate obtained with HCl doped PANI membrane (Kocherginsky, 
2005) and can not be explained by direct diffusion of redox active species through the 
membrane, measured in separate experiments. Formation of Fe2+ in the oxidizing solution 
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was also independently verified by the characteristic color change after the addition of 2, 
2’-dipyridyl.  
 
Fig 4.2 shows the influence of ascorbic acid concentration on the transmembrane reaction 
rate. When ascorbic acid concentration was lower than 0.05 M, the transmembrane 
reaction rate increased with the increase of H2A concentration and then reached a plateau. 
 
It can be seen that the reaction rate increased with the increase of Fe3+ concentration (Fig 
4.3). However, the slope of the curve decreased with the increase of Fe3+ concentration 
and reached a plateau when the concentration of Fe3+ was larger than 0.02 M.  
 
Fig 4.4 compares the reduction of FeCl3 with and without ascorbic acid in the opposite 
side of the membrane. In the absence of the ascorbic acid in the other side of the 
membrane, the redox potential in the FeCl3 solution gradually decreased, corresponding to 
the electron transfer from the polymer membrane to the oxidizing reagent. If FeCl3 
solution was in one side of the membrane, and simultaneously ascorbic acid solution was 
in the opposite side, the reduction rate of Fe3+ was increased by a factor of 8 in 
comparison to the previous case.  
 
The kinetics of the transmembrane reaction was investigated by plotting Ln([Fe]/[Fe3+]0) 
versus time, where [Fe3+] is the initial FeCl3 concentration (Fig 4.5). In this case, the 
oxidizing reagent was 0.01M FeCl3+0.1M HCl, and the reducing reagent was 0.01M 
ascorbic acid. The kinetics was pseudo-first-order in comparison to the biphasic kinetics 
for the direct reduction of FeCl3 solution by PANI membrane (Lei, 2000).  





















































Fig 4.1 Redox potential and Fe2+ formation in the oxidizing phase as a function of time. 
Oxidizing solution: 0.01M FeCl3 + 0.3M HCl.  Reducing solution: initially empty, 0.05M 





































































Fig 4.2 Influence of the concentration of ascorbic acid on the transmembrane redox 
















































































Fig 4.3 Influence of the concentration of FeCl3 (in presence of 0.3M HCl) on the 
transmembrane redox reaction rate. Reducing reagent: 0.05M ascorbic acid solution, 
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In the presence of ascorbic acid























Fig 4.4 Kinetics of 0.01M FeCl3+0.1 M HCl reduction with or without 0.01M ascorbic 
acid (initial pH ~2.7) in the opposite side of the membrane. 






















Fig 4.5 Pseudo-first-order kinetics of FeCl3 reduction in the presence of ascorbic acid in 
the opposite side of the membrane.  Oxidizing reagent: 0.01M FeCl3+ 0.1M HCl. 
Reducing reagent: 0.01 M ascorbic acid (initial pH ~2.7).  [Fe3+]0 is the initial 
concentration of FeCl3 solution 
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4.3.2 Ion effects on the transmembrane reaction rate 
 
Fig 4.6 shows the effect of KCl addition in the oxidizing and the reducing phase on the 
transmembrane reaction rate respectively. Initially, the direct diffusion of K+ through the  
membrane was proved to be less than 10-12 mol cm-2s-1 within 12 hrs with ICP 
measurement.   
 
It was shown that the transmembrane redox reaction rate was substantially enhanced by 
the addition of Cl- in the oxidizing solution, and a plateau was reached at around 1M Cl-. 
Opposite effects were induced by addition of Cl- in the reducing solution. Similar behavior 
was described earlier for PANI-HCl membrane (Kocherginsky, 2005) and is explained by 
coupled counter transfer of electrons and anions through the membrane, which is 
necessary for local electroneutrality of the process.  
 
4.3.3 Transmembrane reactions at neutral pH 
 
K3Fe(CN)6 at initial pH 6.06 also could be used as an oxidizing agent with ascorbic acid at 
initial pH 6.8 (adjusted by phosphate buffer) as the reducing agent (Fig 4.7). Similar to the 
previous case, the redox potential in the pre-equilibrated K3Fe(CN)6 sharply decreased 
with the addition of ascorbic acid into the opposite side of the membrane. In contrast, the 
redox reaction through PANI-HCl membrane did not take place unless at least one of the 
solutions had pH<3.0 (Kocherginsky, 2005).  The maximal transmembrane reaction rate 
was 2.6*10-8 mol/cm2s, which is an order of value higher than that with PANI-HCl 
membrane at similar conditions.  























































Fig 4.6 Transmembrane reaction rate as a function of [KCl]a in the oxidizing solution, and 
[KCl]b (M) in the reducing solution. a: Oxidizing agent is 0.01M FeCl3+0.1M HCl+ KCl; 
reducing agent is 0.01M FeCl2+ 0.1M HCl.  b: Oxidizing agent is 0.01M FeCl3 + 0.1M 















Fig 4.7 Redox potential changes in the oxidizing solution upon the addition of ascorbic 
acid into the opposite side of the membrane. Oxidizing solution: 0.01M K3Fe(CN)6 (pH 
adjusted to 6.06 with phosphate buffer). Reducing solution: initially empty, 0.01M 
ascorbic acid + 0.0001M EDTA (pH adjusted to 6.8 with phosphate buffer) was injected at 
400 min 























Fig 4.8 Changes of redox potential in the ascorbic acid solution in the transmembrane 
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Fig 4.8 shows that the redox potential went up in the reducing solution in the conditions of 
Fig 4.7, corresponding to the oxidation of ascorbic acid. However, due to the instability of 
ascorbic acid in the open air and the sluggish response in redox potential measurements, 
quantitative measurements of the transformation of ascorbic acid to its oxidized form are 
not easy. Therefore, we calculated the transmembrane reaction rate only based on the 




Fig 4.1 shows that the redox potential in the pre-equilibrated oxidizing reagent sharply 
decreased with the addition of ascorbic acid in the opposite side of the membrane, 
demonstrating the transfer of redox equivalent from the electron donor phase to the 
electron acceptor phase through the membrane. The membrane here acts as an electron 
and selective ion permeable media necessary for chemically driven coupled electron and 
ion transport.  
 
This transport through the membrane was driven by difference of redox potentials and 
included three steps: (1) electron donation from the reducing agent to the membrane 
interface; (2) electron jumping from reduced amine groups to the neighboring imine 
groups in the interior of the membrane; (3) electron donation through the interface to the 
oxidizing agent.  
 
Based on local electroneutrality, the transfer of redox equivalent has to be coupled with 
the transport of negatively charged ions in the opposite direction (counter transport), or 
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with the transport of positively charge species in the same direction (cotransport). It was 
shown that anion Cl- addition in the oxidizing solution had positive effect on the 
transmembrane reaction rate, while Cl- addition in the reducing solution had negative 
effect (Fig 4.6). Such a behavior demonstrates the counter transfer of electron and anion 
Cl- through the PANI membrane into opposite directions. The mechanism of this coupled 
transport process is shown in Fig 4.9 (Lei, 2000, Kocherginsky, 2005).  
 
In the case of HCl doped membrane it is possible only if at least one solution has 
relatively low pH. The transmembrane redox reactions across PANI-CSA membrane are 
possible even if both the oxidizing and the reducing solutions have pH>6.0 (Fig 4.7). 
Similarly PANI-CSA films can undergo redox reactions with neutral oxidizing reagents 
when they were simply dipped in these solutions (Chapter 3). Evidently bulky CSA- 
driven by concentration gradient cannot penetrate through the membrane phase, which 
differs from the behavior of Cl-. As the result, the dopant stays inside the PANI membrane 
during the transmembrane redox reaction and keeps the membrane active.  
 
W can analyze the key kinetic parameters of the transmembrane process with a model 
developed earlier for simplicity (Kocherginsky, 2005). In this model the interfacial 
electron transfer from the reducing reagent is simply expressed as: 
])[][(][[Im] 22 AHAmCkAHkF RRRRR −==   (1) 
FR: redox flux through the surface of the PANI membrane, facing reducing agent solution, 
mol/(s*cm2); 
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 [Im]R: specific content of imine nitrogens in the PANI membrane near the surface, facing 
reducing solution, mol/cm3;  
[Am]R: specific content of amine nitrogens near the surface of the PANI membrane, facing 
reducing solution, mol/cm3;  
C: total content of amine and imine groups near the surface of the PANI membrane, facing 
reducing solution; C=[Im]R + [Am]R, mol/cm3;  
kR: the rate constant of imine nitrogen reduction, cm4/(s*mol). 
 
The concentrations here are not in the units of mol /cm2 as is common for example in the 
heterogeneous catalysis but in mol/cm3. This is plausible because the redox reactions of 
polyaniline are different in comparison to the common heterogeneous reactions and are 
taking place not only on the surface but also inside the polymer, where electroneutrality is 
prerequisite because of the simultaneous transport of electrons (redox equivalents) and 
ions (Kocherginsky, 2005). 
 
Electron transfer at the oxidant / PANI membrane interface is expressed as: 
][][ 3+= FeAmkF ooo      (2) 
Fo: electron flux at the oxidant / membrane interface, mol/(s*cm2), equal to the rate of 
Fe3+ reduction.  
[Am]o: specific content of amine nitrogens in the membrane near the surface facing 
oxidant solution, mol/cm3;  
 
 










Fig 4.9 Scheme for electron/ Cl- coupled counter transport through PANI-CSA membrane, 
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ko: rate constant of amine nitrogen oxidation, cm4/(s*mol). 
 
For simplicity, we assume that the electron / ion coupled transport inside the membrane is 
proportional to the gradient of intrinsic oxidation state of PANI, i.e. the gradient of 
specific content of amine nitrogen across the membrane. Based on this assumption, we 
have: 
([ ] [ ] )T R o
DF Am Am
L
= −     (3) 
FT: electron flux across PANI membrane, mol/(s*cm2).  
D: effective and position independent diffusion coefficient of redox equivalents in the 
PANI membrane, cm2/s.  
L: membrane thickness, cm. 
 
At the steady state FR = FO =FT. Solving the equations 1, 2, 3 together, we finally get: 





[ ] [ ]R o
F
L
DC k H A C k Fe C+
=
+ +
   (4) 
In the case of low [H2A],  excess of Fe3+ and strong doping (high DC) the flux is 
independent on the membrane thickness and Fe3+ concentration, and the equation (4) can 
be simplified:  
][ 2 AHCkF R=      (5) 




In the case of low [Fe3+], high H2A and strong doping we have  
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][ 3+= FeCkF o      (6) 
Based on the linear slope in the reverse coordinates (Fig 4.3) we have Cko =6.7*10-3 cm/s. 
 
Both these values have the units of mass transfer coefficients and are relatively high and 
are around 30 times higher than observed for HCl doped PANI membrane (Kocherginsky, 
2005). Assuming that C is approximately 10-2 mol/cm3 (Kocherginsky, 2005), we have 
that the interfacial reaction rate constants are around 0.48 cm4/(s*mol) and 0.67 
cm4/(s*mol) respectively,  
 
Water content absorbed in the polymer matrix is critically important for ion transport 
inside the membrane. It was shown that the doped polyaniline films have much higher 
water content than the undoped (Lei, 1999). The kinetic analysis and the equation 4 give 
the effective value of D for the unit of membrane area. We believe that electron transport 
in this case is characterized by much higher electron mobility in comparison to the Cl- 
transport in thin aqueous layers. As the result the whole coupled e-/ Cl- transport is 
determined by slower mobility of Cl- in aqueous layers. Assuming that water forms thin 
layers serving as nanochannels for chloride transport between polymer fibrils, based on 
the water content (~10 %) and rates of transmembrane reactions we have estimated that 
the ion diffusion coefficient through the thin layers of water in HCl doped membrane is 10 
times higher than the average value per membrane area and equals to 1*10-7 cm2/s 
(Kocherginsky, 2005). This value is less than the diffusion coefficient in the bulk water 
(~10-5 cm2/s), and is determined by hopping of ions, e.g. chloride, in the thin and 
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structured layers of water (nanochannels) from one to another amine group of PANI 
(Kocherginsky, 2005).  
 
For the PANI-CSA membrane based on the analysis in the reversed coordinates and the 
membrane thickness 80 µm we may calculate the effective diffusion coefficient D through 
the membrane, which is around 4*10-8 cm2/s, and after recalculations for water content 
(13% (chapter 3)) we get Dw approximately 3*10-7 cm2/s, which is 3 times higher than that 
of HCl doped PANI membrane at the same conditions (Kocherginsky, 2005). 
Summarizing this analysis we can say that the increase of the transmembrane rate in the 
presence of CSA by an order of value is determined by combination of enhanced ion 
transfer rate through thin layers of water in the polymer network and redox reactions on 
the interface. If in the HCl-doped membrane the interface was the rate limiting step, 
determining total transfer resistance for the redox process, in the case of CSA doped 
membrane with the 80 µm thickness and concentrations of reactants near 1 M all these 
steps have comparable redox transfer resistance.     
 
It is interesting to compare the rate of redox reaction in doped PANI with the rates of 
transmembrane redox processes in biological systems. For example respiration rates in rat 
liver mitochondria are in the range of 0.1~2*10-9 mol of oxygen /s per mg of protein 
(Lionetti, 1996). Corresponding mitochondrial membrane area is 1*103 to 5*103 cm2, 
which gives the respiration rates in the range 2*10-14 to 2*10-12 mol/(s*cm2). This value is 
several orders of value less than the rates we have observed with PANI membranes. High 
efficiency of PANI membrane evidently is determined by much higher local concentration 
of the reacting polymer fragments in the membrane in comparison to the local 
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concentration of enzymes in biological membranes. Another reason is relatively high local 
diffusion coefficient Dw through aqueous channels of the PANI membrane. For 
biomembrane thickness near 50 Å based on the values of Dw we can expect the turnover 
number near 1.4*107 s-1, which is much higher than the typical values  known for 




Transmembrane redox reaction was successfully demonstrated through PANI-CSA 
membrane, realized by electron/anion coupled transport through the membrane. Typical 
transmembrane reaction rate can be as high as 5*10-8 mol/cm2s with FeCl3 as the oxidizing 
agent and ascorbic acid as the reducing agent, which is ~25 times higher than that with 
PANI membrane doped by HCl at identical conditions. Both solutions separated by the 
membrane can have pH>3.0. A kinetic model was involved to analyze the process of 
redox transport through the membrane. Key kinetic parameters of this model was analyzed 
and compared with those of HCl doped PANI membrane. It was demonstrated that the 
increase of the transmembrane redox reaction rate in the presence of CSA by an order of 
value is determined both by enhanced ion transfer rate through nanolayers of water in the 
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5.1 Introduction 
 
Earlier we have demonstrated that PANI membranes after acid doping change their ion 
selectivity and become Cl-/H+ selective (Lei, 2000, a). Simultaneously the acidic doping 
increases H+ permeability as well as the redox activities of the PANI films, for example in 
the reactions with Fe3+ (Lei, 2000, b). When the doped membrane separates reducing and 
oxidizing reagents, it is possible to conduct transmembrane redox reactions. In this case 
electrons are transferred through the membrane from a reducing to an oxidizing reagent, 
with coupled counter transport of Cl- anions in the opposite direction (Kocherginsky, 
2005). 
 
Usually in the membrane transport it is assumed that there is a pseudo-equilibrium 
through the interface, i.e. the transport through interface is fast in comparison to the 
transmembrane transport. It is also usually assumed that the high electrical conductivity of 
the doped PANI is determined by polarons, or in other words it is determined by electron 
mobility in a polyconjugated organic structure. However, when PANI membrane separates 
two aqueous solutions and electrodes are not in the direct contact with it, the situation can 
be different and ionic conductivity and transport can play an essential role, with or without 
conversion of the ionic current into electronic current inside the membrane (Koxherginsky, 
2005). This process can be analogous to the well known electrochemical reactions, taking 
place for example on Ag/AgCl electrodes, where ionic conductivity at the metal/ solution 
interface is converted into electron conductivity in the metal.  
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The purpose of this chapter is to characterise electroconductivity of undoped and doped 
PANI membrane, separating two aqueous solutions, and to compare it with 
transmembrane ion transport and also transport of redox equivalents. Another purpose is 
to study these processes as a function of membrane thickness, and finally to analyze the 
relationship of the specific values of electric resistance, H+ transfer rate and electron 
transmembrane rate recalculated per unit of thickness. We will demonstrate that the barrier 
properties of PANI membranes are dependent on their thickness, but the water/polymer 
interfaces also play an important role, similar to the common phenomena in surface 
electrochemical processes. We will also show that the electrical impedance of the doped 
membrane in this case is determined by ions and not by electrons.  
 
5.2 Experimental methods 
 
5.2.1 Synthesis of PANI and preparation of membranes 
 
The chemical synthesis methods for PANI powders and membranes were described in 
Chapter 3. 
 
5.2.2 Impedance spectroscopy, DC resistance and i-V curves 
 
A PANI membrane was vertically interposed between two Teflon chambers, each of 
which has the effective volume of 36 ml and the membrane surface area of 4.9 cm2. 
Impedance measurements were performed with Autolab workstation (Eco Chemie BN, 
Netherlands), equipped with a Frequency Response Analyzer (FRA). A standard four-
electrode electrochemical cell was used: two cylindrical Pt electrodes (one as working 
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electrode, the other as counter electrode); and two Ag/AgCl (saturated with KCl) reference 
electrodes (Fig 5.1). The impedance spectra were collected in the frequency range of 10 
mHz ~1MHz. I-V curve was scanned from 0 V to 5.5 V using the same cell configuration.  
5.2.3 Measurements of H+ permeation rate 
 
The experimental setup for measurements of H+ permeation was similar to that described 
for impedance experiments. Pristine EB membranes were initially immersed in deionized 
water for one day to be fully wetted, and then interposed between the two chambers. HCl 
solutions at varied concentrations were used as the H+ donor, and a weak phosphate buffer 
(5mM KH2PO4, initial pH of 6.45) with a buffer capacity ~2mM/ pH was used as the H+ 
acceptor phase. Mechanical stirring was applied in both solutions continuously at a rate of 
~130 rpm. pH changes with time were transformed into H+ fluxes via calibrations by 
standard addition method. 
 
5.2.4 Measurements of transmembrane redox equivalent transport 
 
Initially, a piece of EB membrane was incubated in 1M HCl solution over 24 hrs to make 
them fully doped. Then the dried membrane was placed between the two Teflon chambers. 
An oxidizing agent (FeCl3) was added in one chamber to be pre-equilibrated with the 
membrane for several hrs until the redox potential in this aqueous phase became relatively 
stable. Subsequently a reducing agent (ascorbic acid) was injected into the opposite 
chamber, and the measurements of redox potential as well as pH in both solutions were 
commenced. Redox potential was recorded with Pt electrode vs. Ag/AgCl reference 
electrode. 
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5.3 Results 
 
5.3.1 The impedance measurements for undoped membranes 
 
The impedance diagram for PANI membrane in 0.1M KCl is shown in Fig 5.2. The 
Nyquist plot consisted of two overlapping depressed semi-circles. A possible equivalent 
circuit for this undoped membrane is presented in Fig 5.3, where capacitance Ch and 
resistance Rh describe the high-frequency loop, and Cl and Rl correspond to the low-
frequency loop. The characteristic frequency for the high-frequency loop was 2.58 kHz, 
113 10hC F
−≅ ×  and 62.1 10hR ≅ × Ω . The low-frequency loop had 
Cl= 94.2 10 F−× , 61.2 10lR ≅ × Ω  and the characteristic frequency 33.5 Hz. The large 
magnitudes of both Rh and Rl indicate that the membrane is in the insulating EB form. 
Two arcs with similar characteristic frequency for undoped PANI in NaCl solution were 
observed earlier by C. Deslouis et al (1994).   
 
In this case, it is more accurate to call Ch and Cl constant phase elements, CPE. A CPE 
impedance z is given by the equation njQYz )(/1 ϖ== , where Q has the numerical value 
of the admittance z/1  at ϖ =1 rad/s (Bard, 2001). When n is close to 1, the CPE 
resembles a capacitor. Because the semi-circles are depressed, the centers of the high-
frequency and low-frequency semi-circles are below the real axis by an angle of (1-n)*90º. 
In our case n equals to 0.87 and 0.79 for Ch and Cl respectively, so the CPE element 
behaves like a non-ideal capacitance. 
 




















Fig 5.2 Impedance diagram for PANI membrane (thickness 0.012 cm) in 0.1M KCl 
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The low-frequency resistance Rl and capacitance Cl were almost independent on 
membrane thickness. The low-frequency loop is probably determined by Faradaic 
processes and relatively slow charge transfer through the membrane/electrolyte interfaces. 
This is also proven by the fact that the value of Cl was too high to be described by the 
simple equation for flat capacitance, but can be explained as redox pseudo-capacitance 
(Kwang, 2002). 
 
The capacitance Ch of the undoped EB membrane in KCl electrolyte was inversely 




AC rεε ××= 0     (1) 
where 0ε  is  vacuum permittivity (8.85 1121410 −−−× cmJC ), rε  is static dielectric constant, 
A is the surface area of capacitor plates (cm2), L is the separation distance between two 
plates (cm). The value of rε  determined from Fig 5.4 is about 1.5.  
 
The high-frequency resistance Rh increased with the increase of membrane thickness L. 
However it was not proportional to the thickness but rather to its third power (Fig 5.5) and 
could be described by the equation y(Ωcm2) =2.49*1012*x3+3.18*106, where x is the 
thickness (cm). The possible physical mechanisms of this dependence will be mentioned 
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Fig 5.4 High-frequency specific capacitance Ch as a function of inverse membrane 




































Membrane thickness L (cm)
 
Fig 5.5 High-frequency specific resistance Rh as a function of membrane thickness L for 
EB membrane in 0.1M KCl 
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5.3.2 The electron conductivity of undoped EB membrane 
 
To characterize this nontrivial behavior we have also studied the i-V curve for EB 
membrane in 0~5.5 V range. Again, the i-V curve was non-linear and deviated from ideal 
Ohm’s behavior (Fig 5.6). The initial slope of voltage versus current was higher but then it 
decreased and reached a constant value, corresponding to the membrane resistance of 
5*108 Ω*cm for the membrane thickness of 6.2*10-3 cm.  
 
Similar kinds of nonlinear dependences are known for vacuum diodes and dielectrics, 
where electrical current and charge separation due to a limited content of charge carriers 
leads to the formation of an internal electrical field, thus changing the transport processes 
in the space-charge layer. This phenomenon is described by the well known Child’s law 







ε ε=      (2) 
where i is current density (A/cm2), U is  electron drift mobility (cm2s-1V-1 ), V is potential 
(V), and L is the separation distance (cm). The Child’s law also explains why the ratio V/I, 
which is called resistance in linear systems, can be proportional to the third power of 
thickness (Fig 5.5). 
 
The experimental i-V curve for the undoped PANI film (Fig 5.6) can be described as the 
superposition of two components, corresponding to the Ohm’s law plus Child’s law for 
two electrical elements connected in series. The electron drift mobility calculated based on 
this equation is relatively high and is around 1.1 cm2s-1V-1.  

















Fig 5.6 i-V curve of EB membrane (solid curve) in 0.1M KCl solution in comparison with  
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Fig 5.7 Impedance diagram for PANI membrane (thickness 4.1*10-3 cm) in 1M HCl 
solution. Frequency range 3.46 mHz~1MHz; applied potential 0.01V. The frequency 
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5.3.3 Impedance of HCl doped membranes 
 
The impedance diagram of PANI membrane in 1M HCl was also composed of two well-
resolved loops (Fig 5.7), but the resistance of each of them was only a few ohms and was 
comparable to the resistance of aqueous solutions, which is identified as the intercept with 
X-axis at the highest frequency.  
 
R-C analysis of the high-frequency loop at different frequencies, based on the equation  
(Buck, 1982), 
nRnCC −= 1)/()2/sin()( ωpiω     (3) 
gives the parameter n for CPE element of 0.74, 1.7hR ≅ Ω  and Ch=3*10
-7
 F, where R and 
C are frequency independent and n is a constant. The corresponding specific conductivity 
for the high frequency loop is equal to 4.9*10-4 S/cm, which is much lower than the 
published value for HCl doped PANI (2~5 S/cm), measured via the conventional method, 
when electrodes are touching the dry film directly (MacDiarmid, 1994).  
 
The high-frequency capacitance Ch of the doped membrane was nearly 4 orders higher 
than that of the undoped membrane. The structure of the doped membrane has been 
characterized by the presence of oriented fibrils, which are absent before doping, promotes 
the absorption of water to 11% of the total weight (Lei, 1999). Such a high capacitance of 
the doped membrane may be due to the presence of numerous aqueous double layers 
inside nano-porous polymer matrix. The extremely high values of the capacitance are 
well-known for so-called electrochemical supercapacitors (Kwang, 2002). Double-layer 
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related capacitance at high frequencies was also found earlier for conducting polymers 
(Grzeszczuk, 1999).  
 
The formation of fibrils, additional water adsorption and the formation of conducting 
aqueous channels between the fibrils, probably as a result of doping, enhances not only the 
electronic, but also the ionic conductivity in the bulk membrane. The high-frequency 
specific resistance of the membrane, which is the difference of values at high and medium 
frequency intercepts, in this case was proportional to L (Fig 5.8) according to the Ohm’s 
law, and the slope was 1492 Ω*cm. The high-frequency capacitance Ch was proportional 
to 1/L with the slope 3.4*10-10 F/cm (Fig 5.9). The characteristic time τ = RhCh is evidently 
thickness independent and is ~5* 10-7s. 
 
The low-frequency loop is essentially a straight line with a characteristic slope around 1 at 
higher frequencies, thus having the meaning of Warburg diffusion impedance with the 
totally absorbing boundary (Deslouis, 1994, Bisquert, 1999). The whole loop in this case 
corresponds to the two clearly distinct regimes: semi-infinite Warburg for higher 
frequencies and a parallel combination of the resistance and capacitance at lower 
frequencies (Bisquert, 1999). If for illustration purpose we again use the model of parallel 
R and C, according to the Fig 5.7, we have the equivalent values Rl Ω≅ 7.1   and Cl ≅  0.5 F.  
Similar to what was demonstrated for undoped membrane, the values of Rl and Cl at low 
frequency did not change
 
with the membrane thickness and the characteristic time was 
approximately 0.9 s.  
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Fig 5.8 High-frequency specific resistance as a function of membrane thickness for PANI 
membrane in 1M HCl  
 
































Fig 5.9 High-frequency specific capacitance Ch as a function of inverse membrane 
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The value of the low frequency capacitance is much higher than that of the capacitance 
corresponding to the higher frequency range. As for the undoped membrane, this process 
can be explained by charge transfer phenomenon in the membrane/electrolyte interfaces.  
 
5.3.4 H+ ion permeability through PANI membrane 
 
If the membrane separates two aqueous solutions with different pH, it is possible to 
measure the rate of H+ ion transport directly with pH-electrodes. After a lag time, usually 
around 1- 2 hrs, which is necessary for the membrane to become at least partially doped 
and to change its structure, the transmembrane H+ flux reaches its maximum value (FH+, 
mol/cm2s) and then it decreases with time due to the decrease of pH difference between 
the two solutions (Lei, 2000a). The plot of 1/FH+ as a function of membrane thickness 
shows a linear relationship (Fig 5.10) and the slope has the meaning of specific transport 
resistance for ion transport. It is equal to 3.9*1011 cm*s/mol and 7*109 cm*s/mol for 
0.01M HCl and 1M HCl as the donor solutions respectively (Fig 5.10). It was 
demonstrated that when PANI is doped and H+ is bound with imine nitrogens, Cl- counter 
ions have higher mobility than H+ (Lei, 2000a). Due to electroneutrality limitations, the 
mass transfer of H+ through the membrane is possible only as coupled ion pair with Cl- 







































Fig 5.10 Inverse maximal H+ flux (1/FH+) as a function of PANI membrane thickness. 
H+ donor:  0.01M HCl (1) or 1M HCl (2) solutions. H+ acceptor: phosphate buffer, initial 






 - 101 - 
The intercept with the Y-axis has the meaning of the resistance for the H+ ion transfer 
through both membrane/solution interfaces, but probably is determined mainly by the 
membrane/buffer interface, i.e. the side where the membrane is still undoped. This 
“interface” resistance plays an important role and is even larger than the inner resistance 
of the 1M HCl doped membrane of 2.5*10-3 cm thickness.  
 
5.3.5 Coupled transmembrane transport of electrons and ions 
 
It is possible to reduce Fe3+ and AuCl4- in contact with PANI and the total yield is much 
higher than that corresponding to a simple reaction on a polymer surface (Lei, 2000b, 
Kang, 1995). These reactions are possible due to the ability of electrons to penetrate 
through doped PANI membranes and to exchange with Cl- ions, thus keeping the 
electroneutrality of the polymer phase. Due to these properties it is also possible to 
conduct transmembrane redox reactions with PANI membrane (Fig 5.11). If the 
membrane separates two acidic aqueous solutions with 0.05 M ascorbic acid (pH 2.7) and 
0.01 M Fe3+ (pH 1) respectively, it is possible to reduce Fe3+ without direct contact with 
ascorbic acid (Kocherginksy, 2005). The products are Fe2+ and dehydroascorbic acid. The 
transmembrane reaction rate could reach 5.0*10-9 mol/cm2s with the membrane thickness 
of 8*10-3 cm.  It is interesting that the equivalent electrical current, which is calculated as 
a product of this value and Faraday’s constant, is equal to 0.5 mA/cm2, which is 
commonly encountered for electrochemical processes with electrodes covered by PANI 
films (Huang, 1987). 
 
 - 102 - 
Fig 5.12 shows the inverse of reaction rate as a function of membrane thickness, when 
FeCl3 was dissolved in 1M and 0.1M HCl, respectively. The slope of these dependences 
was 8.7*109 cm*s/mol and 1.5*1011 cm*s/mol in 1M HCl and 0.1M HCl respectively. 
The intercept with Y –axis in the presence of different concentrations of HCl was 
practically the same and its value was ~2 × 108 cm2*s/mol. This value characterizes the 
resistance of the system for the chemical reaction between two separated substances, when 
the membrane thickness is zero, and is determined by the properties of the interface. This 
interface resistance for transmembrane transport of redox equivalents is less sensitive to 
the doping level than the resistance of the bulk membrane, and again plays a dominant 
role in 1M HCl. The membrane thickness is less important when doping level is raised, 
similar to what was described earlier for H+ transport. 
 
5.4 Discussion  
 
Based on both impedance and i-V curves, the undoped membrane separating two aqueous 
solutions behaves like a usual dielectric with a limited content of charge carriers inside the 
membrane. The situation is very different if the membrane is doped with HCl. The high 
frequency membrane resistance decreases by approximately 5-6 orders in comparison to 
that of the undoped one. Correspondingly, the high-frequency membrane capacitance 
increases by nearly 4 orders, and is close to 6x10-8 F/cm2, which is larger than what could 
be expected based on the flat capacitor formula but is still much lower than the 
experimental values described in literature for double layer capacitances formed by thin 
PANI films on electrodes (Kwang, 2002). 
 












Fig 5.11 Coupled counter transport of electron and anion, and co-transport of electron and 



















































Fig 5.12 Inverse maximal transmembrane redox reaction rate as a function of PANI 
membrane thickness, Reducing agent: 0.05M ascorbic acid, pH 2.7; Oxidizing agent: 
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Simple estimates also demonstrate that our experimental values of capacitance are much 
lower than what is expected based on the idea of double layer capacitance formed by 
water between fibrils. Based on the fact that the diameter of the fibrils forming the 
membrane is ~1 mµ  (Lei, 1999), we can estimate that the total internal surface area 
formed by fibrils in 1 cm3
 
of the membrane is of the order ~4*104 cm2. Based on ~10% 
water content and the surface area of fibrils, the thickness of aqueous “channels” between 
fibrils would be ~250 Å. Taking the value for typical double layer capacitance (~10-5 
F/cm2) (Bard, 2001), we should have a total capacitance of 0.5 F per 1 cm3. For the 
membrane with the dimensions of ~100µm * 1cm2, the capacitance can be as high as 
0.005 F. Even if we simply use the external surface area of the membrane (5 cm2), we 
would still have much higher value than the experimental one. The fact that Ch is inversely 
proportional to the thickness (Fig 5.9) also demonstrates that it is not determined by the 
total area of double layers in the film. This means that the exact nature of the high 
frequency capacitance still needs further investigation. 
 
Now we come to the value of low frequency capacitance. We have assumed that it may be 
determined by charge transfer through the interface. As for PANI these processes should 
give the values which are called “pseudo capacitances” and also redox capacitances, c0 
(Grzeszczuk, 1999). Usually these values are given per unit volume of PANI and are of 
the order 100 F/cm3 (Grzeszczuk, 1999). In this case dividing the experimental value for 
Cl (0.1 F/cm2) by c0 and by 2 we have 5*10-4 cm, which has the physical meaning of the 
“interface layer thickness”. This value is ~5% of the total membrane thickness (~10-2cm). 
Earlier employing other methods we had similar estimates of the interface thickness and 
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also demonstrated that the properties of the interface layer and the bulk volume of the film 
are very different (Lei, 2000b).  
 
This estimate also demonstrates that thin PANI films being used in microelectronics and 
electrochemical experiments have properties which are very different in comparison to the 
properties of the bulk material. The interface can play an important role and can be a rate 
limiting step. Dividing the interface thickness by the characteristic time (0.9s) we get the 
mass transfer resistance, which is 6*10-4 cm/s, and is an important characteristic of mass 
transfer in chemical engineering. 
 
 In the case of doped membrane, all measured parameters were either proportional or 
inversely proportional to the thickness. This makes it possible to separate the role of 
interface from the membrane volume in the transmembrane transport. It is interesting to 
compare the values of the inversed flux of H+ and the inversed rate of transmembrane 
redox reaction as a function of thickness (Fig 5.10 and Fig 5.12, curves 2 in both cases). 
The slope and intercept for H+ transport with 1M HCl were 6.9×  109cm*s/mol and 9*106 
cm2*s/mol respectively. The slope of similar dependence for redox process was practically 
the same (8.7*109 cm*s/mol), while the intercept was an order of value higher (2*108 
cm2*s/cm). The similarity of the bulk membrane transport resistance for both processes 
demonstrates that the rate determining mechanism is the same ion transport. On the other 
hand, the interface resistance in redox process is much higher than in ion transfer, which is 
quite usual for electrochemical interface redox processes (Tsai, 1998). 
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Based on transport experiments, we have demonstrated that ion diffusion coefficient is 
slightly higher than 10-7 cm2/s, which was practically the same as the diffusion coefficient 
in doped PANI determined by the thickness dependence of impedance (Lei, 2000a, 
Kocherginsky et al. , 2005). It means that impedance of doped PANI film separating two 
aqueous acidic solutions is also determined by ion transport as in the case of acid transfer 
through the membrane under HCl concentration gradient (Lei, 2000a).     
 
We can also illustrate this based on the results of this chapter. For the same charged 
species, the ratio of diffusion coefficient and drift mobility according to the Einstein 





=      (4) 
which is a constant equal to 0.0252 V at room temperature, where D is diffusion 
coefficient, cm2 s-1 ; F is Faraday constant, 96500 Cmol-1, R is ideal gas constant, JK-1mol-
1
, T is absolute temperature, K; z is particle charge. Based on the value of diffusion 
coefficient for ions, the value of Ui should be equal to 3.9*10-6 cm2s-1V-1. Furthermore, we 
can assume that the specific resistance of doped membrane is determined by ions and is 




=ρ      (5) 
where  ρ   is specific resistance, ohm*cm2; L is membrane thickness, cm; Ui is the ion  
drift mobility, cm2s-1V-1; C
 
is the concentration of ions inside the membrane, mol cm-3. 
We can also assume that only half of the total nitrogen, which is in imine form, is doped 
with HCl. Then the concentration of chloride in PANI will be 1.2 mol dm-3. For a 
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membrane thickness of 6*10-3 cm, it gives the value of ρ that is ~13 ohm*cm2. This value 
is very close to the experimental value of specific resistance of PANI membrane in 1M 
HCl, determined based on the high frequency impedance loop (Fig 5.7), which is around 
10 ohm*cm2. 
 
Finally we can analyze the relationship between transmembrane ion transport and 
electroconductivity for membranes of different thicknesses. After correction for the 
interface, the transmembrane flux of H+ through the membrane due to high H+ gradient is 





+ = ,     (6) 
Where 
H
C + is the concentration of H+ ions unbound to imine in the membrane near the 
donor solution. It is equal to the Cl- concentration if the membrane is doped with HCl. The 
combination of equations 5 and 6 demonstrates that the product +HFzFρ  after correction 
for the role of interface should be independent of membrane thickness L and can be 






ρ + ++ =      (7),  
which agrees with the experimental observations because the resistance is proportional to 
the membrane thickness and the H+ flux is inversely proportional to the membrane 
thickness.  
 
In general, the nature of the charge carriers determining the impedance may not be known 
and that is why C in the denominator does not have a subscript. Only if the nature of 
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charge carriers is the same in both HCl transport and impedance, the concentrations in the 
nominator and the denominator would be the same and the expression could be equal to 
0.025 V.   
 
The experimental value calculated based on the slopes for thickness dependences of ρ  
and FH+ is 0.021 V. The similarity between experimental and theoretical values again 
demonstrates that electrical resistance of doped PANI film, measured with the four 
electrode system in aqueous solutions, is determined by ion transport though PANI and 
not by electron conductivity, which is much higher but is not converted into ionic 




A comparative investigation of three different physico-chemical properties of HCl-doped 
polyaniline (PANI) membranes, separating two aqueous solutions, was presented here. 
The first one was electrical conductivity measured with Electrochemical Impedance 
Spectroscopy (EIS). The second one was H+ ion permeation through the membrane under 
pH gradient, measured with pH electrodes, and the third was electron/ion coupled counter 
transport in a transmembrane redox reaction, measured with redox electrodes. Thickness 
dependent behaviour was described in all three cases, and was used to differentiate the 
interfacial properties from those of the bulk properties of the membrane. Electrophysical 
properties of undoped membrane could not be described by the Ohm’s law. The nonlinear 
dependence was due to a limited content of mobile electrons and was similar to the 
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Child’s law known for vacuum diodes and dielectrics. Although the impedance of the 
doped membrane separating aqueous solutions was much less than that for the undoped 
membrane, it is determined by ions and not by electrons. For doped membranes the ratio 
of ion diffusion coefficient and charge drift mobility, determined in the external electrical 
field, was close to the Einstein relationship, meaning that the same transport of ions plays 
the key role in both processes. Interpolation of membrane properties to zero thickness 
showed that the interfacial charge transport resistance plays an important role in 
membrane impedance and changes ion and redox transport rates through doped PANI 
membrane. The relative role of interface versus volume increased with acid doping, which 
makes the bulk membrane volume more permeable for ions. 

























A POLYANILINE MEMBRANE BASED SENSOR 
FOR ASCORBIC ACID, OTHER REDOX ACTIVE 
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6.1 Introduction 
 
The possibility to use polyaniline for analytical purposes has stimulated the development 
of gas sensors (Trojanowicz, 1997, Agbor, 1997), pH sensors (Lindfors, 2002), anion and 
cation sensors (Diniz, 1999, Lindfors, 2000, Lindfors, 2001), and redox sensors 
(Vinokurov, 1992, Prasad, 2002). The development of PANI redox sensors is based on the 
intrinsic redox properties of PANI in acidic media that are accompanied by 
insertion/expulsion of ions into/from the polymer matrix (Kang, 1998, Lei, 2000, Daifuku, 
1989) 
 
This chapter describes potentiometric calibrations for several redox active substances with 
PANI-CSA membranes and the relationship of transmembrane electric potential with 
transmembrane redox reactions. PANI-CSA membranes were chosen due to their good 
stability and electrochemical activity not only in acidic media but also in the aqueous 
solutions with neutral pH (Chapter 3). The calibration results demonstrate good Nernstian 
response and satisfactory detection limits for different redox substances, including those 
that cannot not be properly measured by conventional Pt redox electrodes. The 
transmembrane transport of electrons coupled with the counter transport of chloride anions. 
In the absence of redox active species it is possible to measure chloride concentration in 
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Aniline (Sigma®) was purified by distillation prior to use. Following reagents were used 
as received: Ammonium Persulfate (AR, Nacalai Tesque. Inc, Japan), (1S)-(+)- camphor-
10-sulfonic acid monohydrate (Merck, Germany), m-cresol (99%, Sigma),  HCl (35%, 
Labguard ®), N-methyl-2-pyrolidine (Lab-scan Asia Ltd), EDTA Disodium salt (J. T. 
Baker, USA), Iron (III) Chloride*6H20 (AR, GCE), Iron(II) Chloride*4H20  (Merck, 
Germany), Potassium Ferricyanide (Sigma®), Potassium Ferrocyanide (Sigma®), 
Ascorbic Acid (Sigma, standard redox potential 0.06V vs. NHE), Neutral Red (3-
Amino-7-dimethylamino-2-methylphenazine hydrochloride, Sigma®, standard redox 
potential -0.29V vs. NHE), Nile Blue (Aldrich, standard redox potential -0.12V vs. 
NHE), N-Phenylanthranilic acid (Merck, standard redox potential 0.89V vs. NHE).  
 
6.2.2 Chemical synthesis of PANI-CSA membranes 
 
The chemical synthesis methods for PANI powders and PANI-CSA membranes were 
described in chapter 3. 
 
6.2.3 Potentiometric calibrations 
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The experimental setup comprised a Teflon chamber with two compartments, separated by 
a free-standing PANI-CSA membrane. Each compartment had a volume of 36 ml, and the 
membrane surface area of 4.9 cm2. Mechanical stirring was applied in both compartments 
at a rate of ~130 rpm. 
 
Initially, one of the compartments was filled with an oxidizing reagent (if reducing reagent 
was added step by step on the opposite side of the membrane) or a reducing reagent (if the 
oxidizing reagent was then added). This solution was pre-equilibrated with the PANI-CSA 
membrane for several hrs until the redox potential in this solution became relatively stable. 
Simultaneously the opposite compartment was filled with 0.1M HCl or buffer solutions, 
adjusted according to the necessary pH. During calibrations, 10
 
µL (or specified in the text 
otherwise) aliquots of concentrated calibration solution were intermittently injected into 
the buffer using a pipette. After each addition the transmembrane potential was recorded 
with a pair of Ag/AgCl electrodes (saturated with KCl) inserted into aqueous phases 
adjacent to the membrane. In this case, one electrode (measuring) was placed in the 
reducing solution and the other (reference) electrode was in the oxidizing solution. 
 
6.2.4 Transmembrane redox reactions  
 
An oxidizing solution of 0.01M FeCl3 in 0.1M HCl was added into one compartment and 
simultaneously the other compartment was filled with the reducing solution of 0.01M 
FeCl2 in 0.1M HCl. 
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The measurements of redox potential in both solutions with Pt electrode versus Ag/AgCl 
electrode, and also measurements of transmembrane potential using a pair of Ag/AgCl 
electrodes with agar-agar salt bridges were commenced upon the addition of redox 
reagents.  
 
6.3 Results  
 
6.3.1 Potentiometric calibrations 
 
The electrical resistance of CSA doped PANI membrane, separating two aqueous 
solutions, was a few ohms. Such a low membrane resistance demonstrates that the 
polymer in these conditions behaves as a synthetic metal (Lei, 1999).  
During redox calibrations, after a few minutes of incubation and pre-equilibration of one 
oxidizing or reducing solution with the membrane, concentrated calibration solution was 
injected into the opposite compartment intermittently. The transmembrane electric 
potential was formed as a consequence, reached the maximal value in a few seconds, and 
then gradually and slightly decreased in magnitude. A typical kinetics is presented in Fig 
6.1 for K3Fe(CN)6. The positive sign of the transmembrane potential corresponds to the 
direction of electron flow from the reducing to the oxidizing solution in which the 
reference electrode was inserted. If only ferricyanide was present in both solutions and its 
concentration in one of the solutions was changed, the effect was not observed. 
 
Fig 6.2 (a, b) presents the calibrations for Fe(CN)64- and Fe(CN)63-  based on the 
maximum potential after each addition. Fig 6.3 (a, b) demonstrates similar changes for 
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Fe2+ and Fe3+, respectively. In all cases the initial potential was approximately zero, but it 
increased after addition of redox active components. The sign of potential in all cases 
corresponds to electron transport trough the membrane from the reducing to the oxidizing 
agent. The slopes of these calibration curves in all four cases were close to the ideal 
Nernstian slope of 59 mV per decade.  
 
The slopes decreased at low concentrations of the species. The lower detection limits 
estimated from the intersection of the linear regressions for higher and lower 
concentration ranges for Fe(CN)64-/ Fe(CN)63- and Fe2+/ Fe3+ were 0.1mM and 0.2 mM 
respectively. Such a result suggests that the PANI-CSA membrane can be used as a 
potentiometric sensor for these redox couples. Previously a redox sensor based on PANI-
covered nonplatinum metal electrode was described (Prasad, 2002) and had the detection 
limit for these redox systems close to 1mM. 
 
It is well known that the redox couples such as Fe(CN)64-/ Fe(CN)63- and Fe2+/ Fe3+ give 
relatively high values of exchange currents on Pt, which makes it possible to measure 
redox potentials of these systems and to use Pt electrodes in chemical analysis. However, 
many redox active organic substances have slow electron transfer on Pt and thus can not 
be measured directly with Pt electrode. A typical example among them is ascorbic acid, 
which is extremely important as vitamin C (Combs, 1992). Novel analytical methods for 
ascorbic acid are mainly based on biosensors using ascorbate oxidase (Akyilmaz, 1999, 
Nalini, 2000), etc. However, the application of biosensors is restricted by the suitable  
 
 
































Fig 6.1. Typical kinetics of transmembrane potential response in calibrations with 
K3Fe(CN)6 (the numbers correspond to the moments of measurements). Final 
concentrations of K3Fe(CN)6 were 0.1mM, 0.2mM, 0.4mM, 0.6mM, and 0.8mM in 0.01M 
phosphate buffer, pH 6.4, from 1 to 5 respectively. The reference electrode for 
measurements of transmembrane potential was in this solution. The opposite solution was 








































































Fig 6.2. Transmembrane potential as a function of the logarithm concentration of 
K4Fe(CN)6 and K3Fe(CN)6 in 0.01M phosphate buffer, pH 6.4 (a and b, respectively). 
For the experiment with addition of K3Fe(CN)6, the opposite solution was 0.01M 









































































Fig 6.3  Transmembrane potential as a function of the logarithm of FeCl2 (a) and FeCl3 (b) 
concentrations in HCl solution, pH 1.14. For the experiment with addition of FeCl2, the 
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temperature range for biological material, its relatively short shelf life and possible 
influence of oxygen.  
 
During calibration of ascorbic acid, trace EDTA was initially added into the ascorbic acid 
solution in order to inhibit catalyst effect of trace metals on its oxidation. The oxidizing 
phase on the opposite side of the membrane was 0.01M K3Fe(CN)6. Because pKa of 
ascorbic acid in water is ~4.3, the calibrations were conducted at pH 2.7, 4.4, and 6.8 
respectively, adjusted with buffer solutions. Fig 6.4 demonstrates good linear response of 
transmembrane potential vs. the logarithm of ascorbic acid concentration in all three cases. 
The slopes at different pH were close to each other, and were approximately 59/2 mV, 
corresponding to the two-electron oxidation of ascorbic acid by PANI membrane 
(Kocherginsky et al., 2005).  
 
Calibrations with organic redox dyes such as Neutral Red and Nile Blue were also 
performed in the concentration range from 0.03 mM to 100 mM. The redox dyes were 
dissolved in 0.01M phosphate buffer solution (pH ~ 6.4). The solution in the opposite 
(reference) side in both cases was 0.01M K3Fe(CN)6, pH 6.4. The table 1 shows that the 
linear slopes in calibrations of these two species were both close to the ideal Nerstian 
slope for one-electron transfer. The correlation coefficients for the linear functions were 
0.98 and 0.97 for Neutral Red and Nile Blue, respectively. The lower detection limits for 
these two species were approximately 0.1mM.  
 
During calibration of the third dye, N-phenylanthranilic acid, which is a strong oxidant, 
(standard redox potential 0.89V vs. NHE), the solution in the opposite side of the  















 pH 6.8 / y=25.91x + 108.99
 pH 4.4 / y=25.98x + 108.51
 pH 2.7 / y=25.48x + 105.16




















Fig  6.4 Transmembrane potential as a function of ascorbic acid concentration at three 
different pHs. The reference solution was 0.01M buffer, pH of which was adjusted to 2.7, 
4.4 and 6.8 respectively according to the pH of ascorbic acid solutions. The opposite 
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membrane was ferrocyanide instead of ferricyanide (Table 1). The slope was again close 
to the ideal Nernstian slope, and the lower detection limit was 0.30 mM. In this case, the 
experiments were conducted in the relatively low concentration range of N-
phenylanthranilic acid from 0.03mM to 1mM because of its poor solubility in water.  
 
Redox dyes Solution in the 






















Table 6.1 Calibration results for the redox active dyes Neutral Red, Nile Blue, and N-
phenylanthranilic acid. Both solutions separated by the membrane were in 0.01M 
phosphate buffer, pH 6.4. 
 
6.3.2 Electron/ion coupled transport through PANI-CSA membrane 
 
Earlier we have described the transmembrane redox reactions across HCl doped PANI 
membrane in the presence of the oxidizing reagent at one side of the membrane, and the 
reducing reagent at the other side (Kochergsinky, 2005). Furthermore, we have also 
demonstrated that the transmembrane redox reaction through PANI-CSA membrane could 
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carry on even if both solutions have pH>3.0 (Chapter 4), while in the case of PANI-HCl 
membrane at least one of the solutions has to have pH<3.0 (Kocherginsky et al., 2005).  
 
Fig 6.5 shows typical kinetics of redox potentials changes in both solutions, separated by 
PANI-CSA membrane, due to the transmembrane redox reaction across the membrane, 
with FeCl3 solution as the oxidizing agent, and FeCl2 solution as the reducing agent. The 
addition of the redox substances results in the rise of redox potential in the oxidizing 
solution and the decrease of the redox potential in the reducing solution without notable 
time lag. Finally both solutions had the redox potential close to 560 mV.  Such a result is 
similar to the previous findings with PANI-HCl membrane (Kocherginsky et al., 2005), 
demonstrating the transfer of electrons (redox equivalents) from the electron donor phase 
to the acceptor phase through the membrane. In both cases the transmembrane redox 
equivalent transport is possible due to the coupled counter transport of anions, which 
maintains electroneutrality of the solutions (Kocherginsky et al., 2005). 
 
The standard reduction potential for the pair of pernigraniline / emeraldine is ~0.71 V vs. 
Ag/AgCl in 1 M HCl (Huang, 1986). The standard reduction potential of Fe3+/Fe2+ is 0.59 
V while for Fe(CN)63-/Fe(CN)64- the standard redox potential is even less ( ~0.14 V). 
Based on comparison of these values it seems that EM should not be spontaneously 
oxidized by Fe3+and Fe(CN)63-. Earlier (Chapter 3) we have suggested an explanation for 
this phenomena based on the idea that this kind of reactions is due to the counter-transport 
of electrons and chloride anions, and can be driven by the difference of electrochemical 
potentials for anions in the aqueous solution and in the polymer film.  
 








Fig 6.5 Redox potentials in the oxidizing and reducing phases as a function of time during 
transmembrane redox reaction. (a) Reducing phase: 0.01M FeCl2 + 0.1M HCl; (b) 
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6.3.3 Transmembrane potential and redox potential difference between two solutions 
 
The magnitude of the transmembrane potential was measured during the transmembrane 
redox reaction as the difference of potentials between a pair of Ag/AgCl electrodes 
separated by the membrane. It was exactly equal to the difference of the two redox 
potentials in aqueous solutions separated by the membrane and finally decreased to zero, 
which is demonstrated for the transmembrane redox reaction of Fe3+ and Fe2+ at acidic pH 
on Fig 6.6. The membrane was also redox conductive at pH ~ 6, which made it possible to 
conduct transmembrane reaction between K3Fe(CN)6 and K4Fe(CN)6 (Fig 6.7). Addition 
of KCl into the oxidant resulted in an immediate decrease of the transmembrane electrical 
potential, corresponding to the coupled counter transport of Cl- and electrons through the 
membrane.  
 
6.4 Discussion  
 
It is evident that in the system of electroneutral coupled charge transport through the 
polymer membrane we can also observe charge separation phenomenon, which results in 
the formation of a transmembrane electrical field. In the case of synthetic metals, since the 
polymer material is permeable to both electrons and Cl- anions, both kinds of charged 
species should be taken into account when the transmembrane redox potential is described.   
It is noteworthy that addition of redox species into only one solution does not result into 
measurable transmembrane electric potential. To generate a non-zero transmembrane 
potential, it is necessary to complete the whole electrochemical chain and to have redox 
active species in both solutions. This is the reason why the initial  

















Fig 6.6 Comparison of the transmembrane potential and the difference of two redox 
potentials in liquid phases during transmembrane redox reaction. Reducing phase: 0.01M 
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Fig 6.7 Transmembrane potential as a function of time for redox reaction of 0.01M 
K3Fe(CN)6 (in 0.01M phosphate buffer, pH 6.4) and 0.01M K4Fe(CN) (in 0.01M 
phosphate buffer, pH6.4) across PANI-CSA membrane. 1.5g KCl was added to the 
ferricyanide solution at 200 min. 
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transmembrane potential after pre-equilibrium of the membrane with one redox solution 
was approximately zero in all different systems.   
 
In the case of one-electron donor/acceptor we could suggest an equation for 
transmembrane potential in the presence of redox components and anions, similar to the 































  (1) 
where ∆Φ is the transmembrane electrical potential difference, mV; 1 and 2 correspond to 
the reducing and oxidizing solutions, respectively; α  and β have the meaning of 
permeability coefficient of Cl- divided by the pseudo permeability for electron donation 
and removal by reducing and oxidizing species, respectively, and their ratio would 
characterize membrane selectivity for ions and electrons. This equation can be derived 
based on the idea that the transmembrane potential is determined by the summation of two 
surface potentials. Each of them is a mixed potential, determined by exchange currents 
due to parallel processes of redox reactions and anion transport.  Earlier it was shown that 
the permeability of Cl- anions through PANI films is much higher than that of ferricyanide 
and ferrocyanide ions (Lei, 1999), so it is reasonable to include only anion Cl- as a 
potential forming permeable anion.  
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Based on the fact that doped polyaniline behaves like synthetic metal, we can further 
assume that the permeability of Cl- anions is much lower than the corresponding value for 




[Re ] [ ]2.3 log [Re ] [ ]
d OxRT
F d Ox
∆Φ =                         (2) 
 
This equation is able to explain the experimental fact that the transmembrane potential is 
equal to the difference of redox potentials in aqueous solutions (Fig 6.6). 
 
Furthermore, the results of redox calibrations (Fig 6.2- Fig 6.4, Fig 6.8-Fig 6.9) can be 
well explained with these equations. In all these cases, if the concentration of only one 
redox component, for example the reducing agent, is altered, the equation 1 can be 
simplified to  
 
}][*]log{[Re3.2 11 −++=∆Φ CldF
RT
const α    (3) 
 
Simultaneously when concentrations of redox components are sufficiently low, the slope 
would decrease and deviate from the ideal one. Finally transmembrane potential would be 
formed mainly by Cl- ions. The ability of Cl- ions to produce transmembrane potential 
through HCl doped PANI membrane in the absence of any redox mediators was 
previously demonstrated by us (Lei, 1999). Fig 6.10 presents similar results with CSA 
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doped PANI membrane. Evidently in the absence of redox active species it is possible to 
measure Cl- concentration at least from 0.05 mM to 0.1 M at pH ~6. 
 
The influence of Cl- concentration on the lower detection limit of the membrane at neutral 
pH was confirmed by the results shown in Fig 6.8. In the presence of 1M KCl in both 
solutions the lower detection limit for K3Fe(CN)6 increased from 0.1 mM in the absence 
of additional KCl (Fig 6.2) to 0.74 mM.  The value ofα  estimated based on the equation 3 
was approximately 1*10-4, which again confirms that permeability for electrons is much 
higher than that for Cl-. The calibration results for FeCl3 (Fig 6.9) also demonstrate that 
the lower detection limit for Fe3+ was increased from 0.2 mM at low Cl- concentration 
(Fig 6.3) to 0.8 mM in the presence of 1M HCl and around 0.9 mM in the presence of 
0.1M HCl+1M KCl. The α  value in this case is also around 1*10-4, close to the previous 
one. 
 
Physical reasons for the selectivity could be based on the difference between Cl- mobility, 
which limits the rates of transmembrane redox processes (Kocherginsky et al., 2005), and 
electron mobility. Measured with electrochemical methods, polaron mobility in 
polyaniline is ~0.1 cm2 s-1 V-1, which corresponds to the diffusion coefficient of 0.0025 
cm2 s-1 (Harima, 2001). The diffusivity of Cl- in polyaniline, determining the rate of 
transmembrane redox reactions, is around 10-7 cm2 s-1 (Kocherginsky et al., 2005) and is 
four orders lower that for polarons. 





































Fig 6.8 Transmembrane potential as a function of the logarithm of K3Fe(CN)6 
concentration  in 0.01M phosphate buffer (pH 6.4)+1M KCl. The reducing solution in the 
opposite side is 0.01M K4Fe(CN)6 in the same buffer with 1M KCl.  
 
 



































































Fig 6.9 Transmembrane potential as a function of the logarithm concentration of FeCl3 in 
0.1M HCl+1M KCl (a) and in 1M HCl (b). The reducing solution in the opposite side is 





















































Fig 6.10 Transmembrane potential as a function of the logarithm concentration ratio of 
KCl of one solution (C1) to the other (C2). The two solutions are separated by PANI-CSA 
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6.5 Conclusions 
 
A novel redox sensor was developed based on transmembrane redox reactions across 
PANI-CSA membrane in the presence of the electron donor at one side and electron 
acceptor species at the other side of the membrane. The potentiometric sensor was 
sensitive to a range of redox substances, including those which cannot be measured by 
conventional Pt electrode, such as L-Ascorbic acid and redox dyes. The calibration results 
demonstrated good Nernstian behavior and also satisfactory sensitivity (~0.1mM). 
 
The mechanisms of transmembrane electrical potential generation and its correlation with 
redox potential difference between two solutions were suggested. In the absence of redox 
active species the membrane can be used to detect Cl- at concentrations at least from 0.05 







































REACTIONS OF POLYANILINE WITH DISSOLVED 
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7.1 Introduction 
 
Hydrogen peroxide (H2O2) is one of the “Green Chemistry” environmental friendly 
chemicals, because it leaves no hazardous residuals but only oxygen and water after 
reactions. Practical applications of H2O2 cover diverse fields such as synthesis of organic 
compounds, wastewater treatment, destruction of hazardous organics and so on. One of 
the important applications is Fenton reaction, based on a mixture of H2O2 and ferrous salts 
which is a potent oxidant for organic substrates (Goldstein, 1993). Common industrial 
methods of H2O2 production consist of electrochemical formation of peroxydisulfuric acid 
or ammonium peroxydisulfate followed by a hydrolysis step; and oxidation of organic 
compounds, e.g. alkylhydroanthraquinones (Schumb, 1955).   
 
In recent years, mainly due to the cost and hazards associated with the transport and 
handling of commercial concentrated H2O2, new interest in the small-scale, on-site 
manufacture of hydrogen peroxide became evident (Qiang, 2002).  
 
It has been demonstrated that polyaniline (PANI) could electro-catalyze the reduction of 
O2 in sulfuric acid in fuel cell operations (Mengoli, 1986, Doubova, 1989) with H2O2 as 
the product: 
2 2 22 2LEB O A H ES H O
− ++ + + → +  (1)] 
where leucoemeradine base (LEB) and emeraldine salt (ES) refer to the reduced and 
oxidized states of PANI respectively; A- is the anion from solution, which is then 
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incorporated into ES as the counter ion. It was noted that PANI films in the presence of 
0.5 M H2O2 are stable at least for one week (Doubova, 1989).  
 
Generation of H2O2 was also observed on the surface of composite 
polyaniline/heteropolyanion electrodes in acid medium (Shchukin, 2002), where O2 
reduction was highly dependent on the intrinsic doping degree of PANI. In neutral media 
PANI electrodes have low electrocatalytic activity for oxygen reduction, corresponding to 
the poor conductivity of PANI in the undoped state (Kankare, 1997).  
 
This chapter describes the possibility of in-situ production of diluted H2O2 by simple 
addition of polyaniline (PANI) in aqueous solutions without any external voltage. It is 
demonstrated that camphor-sulfonic acid doped PANI is active even at neutral pH. 
Parameters like acidity of the solution, counter anion concentration, O2 purity, etc. were 
examined. The reduction routes and mechanisms of O2 reduction via PANI matrix were 
proposed.  
 
7.2 Experimental methods 
 
7.2.1 Chemical synthesis of PANI powders and films 
 
Chemical synthesis methods for PANI powders and films were described in chapter 3. 
 
7.2.2 Electrochemical measurements 
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H2O2 produced was measured in-situ via the amperometric method, with an Autolab 
workstation (EcoChemie BN, Netherlands). An open three-electrode electrochemical glass 
cell with the volume of 100 ml was used.  A Pt rod with the diameter of 1.1mm served as 
a working electrode; a Pt plate with width of 2mm and thickness of 50 µm as counter 
electrode and saturated with KCl Ag/AgCl electrode as a reference electrode.  
 
The electrolyte in the three-electrode electrochemical cell was purged with air throughout 
the experiment and continuously stirred with magnetic stirrer. Initially, the three 
electrodes were pre-treated at +0.9 V for about 100 s to stabilize the electric signal 
(Otsuka, 1996).  
 
Then PANI powder or films (cut to ~1 mm2 pieces) were added into the electrolytes after 
the electric current reached steady state and current versus time dependence was registered 
over ~100 s. Potential of + 0.9V (working electrode versus reference electrode) was kept 
constant and the concentration of produced H2O2 was calculated from the average values 
of the limiting current observed due to H2O2 formation and its subsequent oxidation on the 
electrode. Calculations of H2O2 concentration were based on the standard calibration (Fig 
7.1) and were confirmed by the spectrophotometric method involving the characteristic 
reaction of H2O2 with iodide (Bloomfield, 2004).  In the presence of molybdate catalyst 
H2O2 oxidizes the iodide to iodine. The iodine then oxidizes a methyl-substituted form of 
N,N-diethyl-p-phenylenediamine, to form purple colored species. UV-VIS measurements 
were performed on Libra S32 UV-VIS spectrometer (Biochrom, Germany) at 331nm 
using molar extinction coefficient of 594 M-1cm-1. The molar concentrations of H2O2 
produced agreed with the optical measurements (error less than 10%). 
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7.2.3  EPR measurements of radical intermediates 
 
A spin trapping agent 5, 5-dimethyl-pyrrolin-1-oxyl (DMPO, Sigma®) was added as 100 
mM aqueous solution into the medical-grade polypropylene container (AXYGEN ®) and 
mixed with the 0.011g PANI-CSA films. The container was then wrapped entirely with 
alumina foil to inhibit light sensitive decomposition of DMPO. Air was purged into the 
DMPO solution for about 1min. Then EPR measurements of the solution were conducted 
on a Bruker Elexsys E 500 EPR spectrometer at the following conditions: microwave 
power 20 mW, modulation amplitude – 1.0 G, modulation frequency – 100 KHz, center 
field 3470.11 G, field sweep 102 G, sampling time 327.68 ms, receiver gain 60 dB, 
receiver time constant 1311 ms, ambient temperature. 
 
7.2.4 Transmembrane redox reactions 
 
The setup comprised a Teflon chamber with two compartments, separated with PANI-
CSA membrane (Lei, 1999). The compartment volume was 36 ml, and the membrane 
surface area 4.9 cm2. Mechanic stirring was applied to both compartments at the rate of 
~130 rpm. One of the compartments contained 0.1M HCl and was continuously purged 
with pure O2. Working and reference electrodes were placed in this solution, where the 
electric current was measured. Initially, PANI-CSA films were in contact with 0.1M HCl. 
When the electric current in this phase became relatively stable, ascorbic acid was injected 
into the opposite compartment. 
 
 
 - 141 - 
7.3 Results 
 
7.3.1 Evolution of hydrogen peroxide with PANI powder in aqueous solution 
 
No remarkable change of the electric signal could be observed upon the addition of 
undoped EB powder into neutral KCl solution, probably due to the inactivity of PANI at 
neutral pH (Kankare, 1997, Lei, 2000). In contrast, a sudden burst of the electric current 
due to H2O2 formation was observed within several seconds after addition of undoped 
PANI powder into HCl solution (Fig 7.2), coinciding with the previous finding of H2O2 
evolution on PANI electrode in acidic media (Mengoli, 1986, Shchukin, 2002). Slow 
doping of EB powders in HCl solution resulted in the gradual increase of the electric 
current, which reached a steady state that was ~1.3 times higher than the original value 
after several hrs. The electric current due to H2O2 formation was observed also after direct 
addition of doped ES powders into both HCl (Fig 7.2) and KCl solutions, and the 
magnitude of the current was much higher in the acidic media. The depressed 
electroactivity of initially HCl doped PANI at pH>4.0 is well known to be due to the 
release of dopant HCl from the polymer matrix (Lei, 2000).  
 
Comparison of H2O2 generation efficiency with ES and EB can be found in Fig 7.3. ES 
was evidently more efficient and the yield of H2O2 was proportional to the content of 
PANI both for EB and ES powders in acidic medium. The H2O2 yield was definitely 
higher in the acid than in KCl solution (Fig 7.3), but the increase of KCl concentration  
 
 






























Fig 7.2 Current-time profile generated by addition of 0.068 wt% EB powder into 0.1 M 
KCl (1) and 0.1 M HCl (2), and by addition of 0.069% ES powders into 0.1 M HCl 





































Fig 7.3 Yield of H2O2 as the function of polyaniline content for emeraldine salt (ES) 
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resulted in the substantially enhanced H2O2 yield, reaching the saturation at 1 M 
concentration (Fig 7.4).  
 
7.3.2 Formation of hydrogen peroxide with PANI films 
 
EB and PANI-HCl (ES) films were cut to small pieces with the surface area ~1 mm2 and 
then they were added into KCl or HCl solutions. Again, no H2O2 was observed upon the 
addition of EB films into KCl solution. In contrast, EB films in acidic solution generated 
the electric signal of H2O2, and the yield was nearly 10 times higher than with EB powder 
in the same conditions.  
 
The yield of H2O2 was ~ 2 times higher in acidic than in neutral environment and it was 
~17 times greater with film pieces than with powder in the acidic medium with the same 
content of PANI (0.050 wt%).  
 
CSA doped PANI (PANI-CSA) films have favorable electrochemical activity and 
environmental stability in neutral aqueous solutions (Chapter 3). The electric signal of 
H2O2 generated by dipping 0.055 weight % PANI-CSA films was around 4.1 mA in acidic 
and 2.6 mA in neutral solutions (Fig 7.5). Both values were much higher than the signals 
observed in the presence of HCl doped films in acidic media. The yield of H2O2 could be 
further enhanced by ~1.4 times with pure oxygen rather than air as the purging gas (Fig 
7.5, curve 3). 
 
 
























Fig 7.4 Yield of H2O2 as the function of KCl concentration, in the presence of 0.069 wt% 











































Fig 7.5 Current-time profile generated by addition of 0.055 wt% PANI-CSA films into 
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Fig 7.6 compares the yield of H2O2 with the pieces of EB film, fully HCl doped ES film 
and PANI-CSA film both in acidic and in neutral media.  It is evident that the production 
of H2O2 with three kinds of films was much higher in acidic than in neutral media. Both in 
acidic and in neutral media, the reaction efficiency follows the sequence: PANI-CSA> 
PANI-HCl>EB films.  
 
EPR measurements were conducted to detect radical intermediates in the reduction of O2 
by PANI in solutions. Since the life time of radicals is short, spin trapping technique was 
used in this experiment. Fig 7.7 shows the EPR spectrum after addition of PANI-CSA 
films into neutral DMPO aqueous solution. The spectrum directly indicates the presence 
of a spin adduct of DMPO and hydroxyl radical (OH·), which is likely to be formed from 
the superoxide free radicals or H2O2 generated in the system. 
 
Fig 7.8 shows that the initial EPR spectrum of PANI-CSA film had g value equal to 
2.0045 ± 0.0002, linewidth H∆ equal to 2.1 G, and the spin content about 6*1020 spin/g, 
which is approximately 3 times higher than that of PANI-HCl film (Lei, 2000). After 
incubation of PANI-CSA film in 100mM DMPO solution, linewidth H∆ changed to be 
1.8G, and the spin content of the film decreased to 1*1020 spin/g.  
 
If a PANI film was used as a membrane separating two compartments, and the 
measurements of H2O2 were conducted in 0.1M HCl at one side of the film (See the 
Experimental methods, 2.4), it was possible to increase the current by addition of ascorbic 
acid into the opposite side (Fig 7.9). After the addition of ascorbic acid, electric 
 





























Fig 7.6 Comparison of H2O2 produced by addition of 0.055 wt% EB, ES and PANI-CSA 
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Fig 7.7 EPR spectrum generated after addition of PANI-CSA film into 100mM DMPO 
solution. Conditions are described in Sec. 2.3.  
 
 










































Fig 7.9 Current-time profile with PANI-CSA membrane and oxygen purged into 0.1M 
HCl in one side of the membrane. 0.05 M ascorbic acid was added after 415 s of 
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current in the other solution went up by ~1.3 times, indicating that the reduction of O2 was 
enhanced by the transfer of additional redox equivalents from the reducing phase to the 




7.4.1 Chemical aspects 
 
It is well known that the electroactivity of PANI is highly dependent on its doping process, 
which can be achieved either by charge transfer or by protonation in acidic media (Epstein, 
1987). Therefore no signal of H2O2 could be observed with undoped emeraldine base 
powder in neutral KCl solution (curve 1 in Fig 7.2). In the experiments with 0.1M HCl, 
higher yield of H2O2 in the presence of fully doped emeraldine salt powder than with 
undoped emeraldine base powder is determined by the fact that in the latter case the acid 
doping did not proceed adequately due to the short doping duration of 100 s.  Furthermore, 
since HCl doped PANI loses at least partially its electroactivity at pH>4.0 (Lei, 2000), 
much lower yield of H2O2 is observed in the presence of emeraldine salt powder in 0.1M 
KCl solution than in 0.1M HCl solution (Fig 7.3). 
 
At acidic pH, oxygen reduction proceeds with the formation of hydrogen peroxide: 
222 22 OHeHO →++
−+
   (2) 
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We can assume that this forward reaction comprises several elementary steps, including 
formation of superoxide radicals (Yeager, 1984): 
•
− ↔+ 22 OeO     (3)  
 
Reduced monomer fragments of PANI can serve as an electron donor in this process. The 
oxidation of PANI by dissolved O2 could be similar to that of O2 reaction on the quinone 
groups of functionalized graphite, where physico-chemical absorption of O2 plays a key 
role in the reaction (Garten, 1955, Garten, 1957). Molecular oxygen is probably chemi-
sorbed on the PANI when both oxygen atoms form a bridge structure with the polymer 
(Khomenko, 2005).  The following scheme for O2 absorption and reduction by PANI can 






















In this scheme, benzenoid group of PANI reacts with O2, which then takes an electron 
with the formation of superoxide free radical (Ohki, 2002, Ono, 2001). In acidic media, 
oxygen is very quickly reduced by PANI into hydrogen peroxide:  
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2 2 22O H e H O
•− + −+ + →  
 
At neutral pH, another possible route of conversion of superoxide radical with 
participation of reduced monomer fragments of PANI is possible (Yeager, 1984): 
2 2 2O H O e OH HO
•− • •+ + → +    
 
Formation of hydroxyl radical was directly confirmed by spin trapping and EPR (Fig 7.7). 
In the backward process oxidized monomer fragments of PANI can serve as an electron 
acceptor, regenerating oxygen and decreasing the efficiency of hydrogen peroxide 
formation. It was demonstrated earlier that PANI can react with hydrogen peroxide, but 
the rate constants for reactions of are much less than with oxygen (Doubova, 1989). The 
fact that the presence of ascorbic acid in the opposite side of the membranes increased the 
H2O2 yield can also support this possibility.  
 
In addition to the reactions with the polymer, superoxide radicals may quickly 
disproportionate in acidic solutions to form H2O2 and oxygen: 
2 2 2 22 2O H H O O
• ++ → +    (4) 
 
It can also react with H2O2, producing hydroxyl radical (Kocherginsky, 1995):  
1
2 2 2 2O H O OH OH O
•− • −+ → + +   
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Fast reaction of superoxide with the polymer and homogeneous disproportionation explain 
why we were not able to detect this free radical by spin trapping. The reaction (4) can be 
an additional reason why the H2O2 yield is increased in acidic media.  
 
7.4.2 Coupling of chemical and transport processes 
 
The unique ability of polyaniline films is that they are permeable to both electrons and 
ions (Lei, 1999, Chapter 5). As the result redox processes are taking place not merely on 
the polymer surface, but in its whole volume (Lei, 2000, Chapter 3). It can be supposed 
that the reaction of PANI film with O2 as in several other redox reactions involves the 
whole bulk volume of the polymer.  
 
In a typical example, addition of 0.055 g of the film (30% doping level), which 
corresponds to 5*10-4 mol of aniline, into 100 ml of 0.1M HCl purged with oxygen 
resulted in formation of 4.5 mM H2O2. It means production of H2O2 with oxygen as the 
purging gas could be as high as 0.28 g H2O2/g film, but it slightly decreased if polymer 
content was too high.  
 
Taking into account 50% of the reduced form, the molar ratio of H2O2 to aniline units in 
acidic media is 1.8:1, corresponding to the earlier findings that PANI can contribute 
electrons to oxidants such as Fe3+ with stoichiometry higher than 1:1, due to the repeated 
process of oxidation and reduction and additional ring chlorination in acidic media at high 
oxidation state of PANI (Lei, 2000).  
 - 155 - 
It should be noted that the standard reduction potential of O2 reaction in acidic media with 
formation of H2O2 (0.45V vs. Ag/AgCl) is lower than that of the pair pernigraniline / 
emeraldine (~0.764 V vs. Ag/AgCl). Based on these values and simple thermodynamics, 
PANI powders and/or films in emeraldine base and salt forms should not be 
spontaneously oxidized by dissolved O2 in water. This kind of behavior is quite similar to 
what has been observed with PANI-CSA films being oxidized in the acidic FeCl3 and 
K3Fe(CN)6 solutions (Chapter 3). In all these cases oxidation of PANI can be promoted by 
addition of KCl into the solution. We have proposed that Cl- anion is participating in the 
reaction, and is counter transported into the film/membrane when electrons are transferred 
from it. The enhanced anion concentration gradient across the polymer/solution interface 
serves as an additional driving force for the redox process due to coupled electron/anion 
migration in the polymer matrix. This interpretation is also supported by the fact that the 
H2O2 formation in aqueous solution can be remarkably increased in the presence of higher 
concentrations of Cl- (Fig 7.4). 
 
PANI-CSA films not only have high electroactivity in comparison with conventional 
PANI-HCl films (Chapter 3, MacDiarmid, 1995, Lee, 1993), but also can produce H2O2 
even in neutral KCl solutions. Earlier the redox activity of PANI-CSA film at almost 
neutral pH was demonstrated in the reaction with K3Fe(CN)6 (Chapter 3). This property is 
determined by doping with the bulky CSA molecule, which is trapped in the polymer 
network and thus keeps the polymer protonated and redox active. Simultaneously counter 
anions Cl- are incorporated into the polymer during its oxidation. This process is critical 
for retaining local electroneutrality both for the polymer and for the bulk solution and 
explains the effect of chloride anion.  
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There could be a possibility that oxygen can be dissolved in water, which forms  aqueous 
channels in the doped films once they are immersed into aqueous solutions (Lei, 1999), 
thus providing a possibility for dissolved oxygen to react quickly within the whole volume 
of PANI films. Thus the molar ratio as high as 1.6:1 for H2O2 produced in acidic media to 
aniline units can be rationalized.  
 
Another intriguing result is that PANI in the form of film pieces was much more effective 
than in powder at the same weight content (~0.050 wt %), same doping reagent and 
equivalent protonation level of PANI. This is interesting since films have specific surface 
area lower than that of powders. In this respect, we should take into account the ability of 
doped PANI films to absorb ~10% of water and high Cl- permeability of the doped films 
(Lei, 1999, Kocherginsky, 2005). On the other hand, the molecular chain conformation of 
doped PANI films can be quite different from that of powder (Xis, 1995). Probably 
powder has the dense structure and so the usual surface reaction mechanism dominates in 
this case, which gives much lower molar ratio of H2O2 to aniline, equal to only ~0.01 for 




It was shown that the yield of H2O2 was highly dependent on the intrinsic protonation 
level of PANI. Neither undoped EB powder nor films can produce H2O2 in neutral media, 
corresponding to the low electroactivity of PANI at pH>4.0. The yield of H2O2 increased 
with the increase of doped PANI amount. PANI doped with CSA was more effective in 
H2O2 generation and was electroactive even at pH near neutral. The presence of chloride 
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counter anions in solution increases efficiency of H2O2 formation. The steady state level 
of H2O2 can be further enhanced in the presence of oxygen instead of air. It was possible 
to produce higher amount of H2O2 with PANI films than with powder at the identical 
conditions. The proposed mechanism of O2 reduction in the PANI film is based on the 
redox reactions in the bulk volume of the polymer, coupled with the transport of Cl- 
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8.1 Introduction 
 
Since the experimental discovery of fullerene C60 in 1985 (Kroto, 1985), it has attracted an 
intensive attention in scientific society because the three-dimensionality as well as high 
symmetry of this molecule can be useful in wide range of applications, including 
molecular conductors and superconductors (Kratscher, 1990). C60 molecule shows a high 
electron affinity (2.6-2.8 eV) (Yang, 1987) and its treatment with alkali metals and other 
chemicals could give superconducting form (Hebard, 1990), ferromagnetism (Allemand, 
1991) and photoconductivity (Wang, 1992).  
 
C60 is able to dope conductive polymers forming P-type semiconductors (Sariciftci, 1992, 
Wei, 1993). Wei et al. (Wei, 1993) were probably the first group to demonstrate that C60 
could dope polyaniline (PANI), increasing its electroconductivity from insulating to 
approximately 10-4 Ω-1 cm-1. The electrical properties of PANI-C60 composites are highly 
dependent on the concentration of C60 and effective doping is possible due to charge-
transfer interactions with PANI as an electron donor and C60 as an electron acceptor (Li, 
1995, Lim, 1995, Sapurina, 2000). Usually PANI is doped by acids, which makes it highly 
conductive and behaving as a synthetic metal due to electron mobility. Since no proton 
appears in the system with fullerene, the term pseudoprotonation was suggested for 
modification of imine nitrogens by the fullerene molecules (Chen, 1995, Sapurina, 2000).   
 
In this chapter, we describe the structural and electrochemical properties of PANI-C60 
membrane in aqueous solutions of electrolytes. It is demonstrated that ionic conductivity 
of PANI-C60 membrane depends on quantity of C60, closely correlates with the doping 
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level of PANI and increases with additional exposure of the membrane to an acidic 
environment. Because of the unique property of doped PANI to have both ionic and 
electronic conductivity, it is possible to conduct transmembrane redox reactions. Both 
ionic conductivity and redox transport reach maximum at C60 concentration near 0.5%, 
and the rate of transmembrane reaction of Fe3+ and ascorbic acid in these conditions is 
increased by an order of value, 
 
8.2 Experimental methods 
 
8.2.1 Chemical synthesis of PANI, fabrication of PANI-C60 and PANI-HCl membrane 
 
Chemical synthesis methods for PANI powders and PANI-HCl membranes were 
described in chapter 3. 
 
Fullerene C60 (provided by Ioffe Physico-Technical Institute, St. Petersburg, Russia) with 
purity higher than 99% was used as received. EB powder was gradually dissolved in N-
methyl-2-pyrrolidone at a concentration of 2 w/v%.  C60 was weighed to 0.2, 0.5, 1, 2, 3 
mol % (relative to aniline fragment) and gradually dissolved in 20ml toluene. The mixture 
of EB-NMP and C60-toluene solutions was mechanically stirred for 1 hr, followed by 
sonication for 6 hrs. Produced polymer solution was filtrated, and then the membranes 
were cast in the freeze dryer for 24 hrs. Membrane thickness was about 80 µm both with 
and without fullerene.  
 
8.2.2 Instrumentation 
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FTIR-ATR (Attenuate Total Reflection) spectra were collected on Perkin Elmer 2000 
FTIR spectrophotometer in the wave number range of 400 to 3500 cm-1 with resolution of 
4 cm-1. Field Emission Scanning Electron Microcopy (FESEM) pictures were obtained on 
JSM-6700F (JEOL, Japan). The membranes were sputtered with platinum to ensure good 
electronic conductivity of the samples. EPR measurements were conducted on Bruker 
Elexsys E-500 EPR spectrometer at the following conditions: microwave power 20 mW, 
modulation amplitude 1.0 G, modulation frequency 100 KHz, center field 3470 G, field 
sweep 102 G, sampling time 327.7 ms, receiver gain 60 dB, receiver time constant 1310 
ms. A VG ESCALAB MkII XPS spectrometer equipped with Mg Kα X-ray source was 
used to collect XPS spectra. To compensate for surface charging effects, all binding 
energies were referenced to the C1s peak of carbon at 284.6 eV. The elemental 
stoichiometry was obtained from peak to area ratio and was corrected with the 
experimentally determined sensitivity factors.  
 
Electrochemical Impedance Spectroscopy (EIS) was conducted with Autolab workstation 
(Eco Chemie BN, Netherlands). A standard four-electrode electrochemical method was 
used: two flat Pt electrodes (one as working electrode, the other as counter electrode) and 
two Ag/AgCl (saturated with KCl) reference electrodes. Electrodes were separated by a 
membrane in a Teflon chamber (see below). All spectra were obtained within the 
frequency range of 0.1~105 Hz.  
 
8.2.3 Transmembrane redox reactions 
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The experimental setup for transmembrane redox reactions and impedance measurements 
was a Teflon chamber with two compartments, separated by the PANI membrane. Each 
compartment had a volume of 36 ml and the membrane surface area of 4.9 cm2.  
 
In the beginning FeCl3 solution was added into one of the compartments and the opposite 
compartment remained empty. The membrane was pre-equilibrated by stirring the 
oxidizing solution for more than 3 hrs until its redox potential became relatively stable. 
Subsequently an aqueous solution of ascorbic acid (Aldrich®) was added into the opposite 
compartment. Both solutions were stirred at a rate of ~130 rpm. Redox potential of the 
oxidizing solution was in-situ monitored with Pt electrode vs. Ag/AgCl reference 
electrode. FeCl3 solution was initially calibrated by the standard addition method. 
 
8.3 Results and discussion 
 
8.3.1 Instrumental characterizations of PANI-C60 membranes 
 
FTIR spectra of undoped EB membrane and PANI-C60 membranes are demonstrated in 
Fig 8.1. Two major bands at 1590 cm-1 and 1500 cm-1 correspond to quinone ring 
deformation and benzene ring C-C stretching deformation respectively (Trchova, 2001, 
Lei, 1999). The intensity of both bands in the PANI-C60 membranes was lower than that in 
the undoped membrane, and generally the higher concentration of C60, the more 
significant decrease was observed. The band at 1240 cm-1 is characteristic of the polaron 
structure C-N+. in the doped samples, which evidently demonstrates the presence of charge 
transfer interactions between PANI and C60 molecules, with fullerene as an electron 
 - 163 - 
acceptor and nitrogen atom as the donor (Li, 1995). The characteristic band of 
intramolecular modes of C60 at 500 cm-1 was also observed for PANI-C60 membranes, and 
was redshifted compared to that of 526 cm-1 for pure C60, This difference is also attributed 
to the doping induced effects (Graja, 1999). Another important characteristic band of C60 
at around 1428 cm-1 was masked by that of benzene ring. 
 
Fig 8.2 presents FESEM pictures of undoped EB membrane and PANI-C60 membrane 
with 1% C60. The surface morphology of EB membrane was quite flat and granular (Fig 
8.2,a), in comparison to the rough surface of doped membrane (Fig 2,b). Clusters of 
fullerene crystal were definitely identified inside PANI-C60 membrane (Fig 2,c). 
 
The content of amine, imine and positively charged nitrogen, corresponding to a particular 
intrinsic redox state and doping level of PANI at different content of C60, can be 
quantitatively determined based on curve-fitted N1s core-level XPS spectrum. The peak 
components due to imine (=N-), amine (-NH-), and positively charged nitrogen (N+) in Fig 
8.3 are characterized by the binding energy of 398.2 eV, 399.4 eV, and >400 eV 
respectively (Kang, 1996). The higher binding energy (BE) can be attributed to the 
































Fig 8.1 FTIR spectra of EB membrane (1) and PANI-C60 membranes with different 
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Fig 8.2 FESEM picture of (a) EB membrane, (b) PANI-C60 membrane with 1% C60, (c) 
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Fig 8.3  N 1s core-level XPS spectra of PANI with different concentrations of C60: (1) 0 
(EB membrane), (2) 0.2%, (3) 0.5%, (4) 1%, (5) 2%, (6) 3% 
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Fig 8.4 shows the effect of C60 on the fraction of each peak component inside EB and 
PANI-C60 membrane with respect to the total nitrogen content. The ratio of imine to 
amine concentrations was approximately 1 in pristine EB membrane. The fraction of 
positively charged nitrogen in the samples 1-6 (Fig 8.3) initially increased in doped 
samples and reached maximum at 0.5% of fullerene. Amine concentration was in the 
range 49-63%, while imine content decreased to its minimum (12.9%) at 0.5% fullerene 
and was not more than 30% at higher level of doping.  
 
Further acid doping was carried out by conditioning PANI-C60 membranes in 1M HCl for 
8 hrs. Table 1 shows that after acid treatment at higher content of fullerene the content of 
positively charged nitrogen can be increased up to ~75%. This effect was accompanied by 
the disappearance of imine fragments because imine groups are more easily protonated 
than amine groups (pKa=5.5 and 2.5, respectively). Evidently the effect of an acid can be 




7 1 — 23.41 76.59






Table 8.1 Percentage of imine (=N-), amine (-NH-), and positively charged nitrogen (N+) 
in PANI-C60 membranes after acid treatment, calculated for the samples 7 and 8 on Fig 
8.5. 
 
Comparison of the EPR spectra of PANI membrane with and without 0.5% C60 is given in 
the Fig 8.6.  The two small peaks aside of the main peak are from Mn2+ standard that was 
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previously added as a control. The g value both with and without C60 was 2.0045 ± 0.0002, 
which is typical for free electrons in organic polymers. Probably we have a superposition 
of a narrow signal of monoreduced form C60-.  (Brezova, 1995) and a peak due to PANI 
after electron transfer to C60. Integrated spin concentrations were 5.1*1017 and 1.8*1018 
spin/g for undoped EB membrane and C60 doped membrane, respectively. Though the 
EPR signal increased as a consequence of C60 doping, the spin concentration in C60 doped 
membrane was two orders lower than the value for PANI membrane fully doped with 
0.1M HCl (Lei, 2000). Linewidth H∆ of the spectra decreased from 14.41 G to 5.04G for 
EB membrane and PANI-C60 respectively, which resulted in the evident increase of 
spectra intensity and can be explained by increase of polaron mobility after C60 doping. 
 
8.3.2 Impedance Measurements 
 
Electrochemical Impedance Spectroscopy (EIS) with four electrodes allows investigation 
of ionic transfer resistance across membrane when PANI separates two aqueous solutions 
(Lang, 1991). Impedance diagrams of PANI membranes with C60 concentration of 1~3% 
are demonstrated in Fig 8.7 together with the values of characteristic frequency v for the 
points with maximal z”. These diagrams in Nyquist coordinates (imaginary part of 
impedance, Z” as a function of real part Z’ for different frequencies) have a shape of 
depressed semi-circle. This type of curves could be analyzed on the basis of the following 
R-CPE equivalent circuit, where CPE is so called constant phase element, similar to 
nonideal capacitance (Lang, 1991): 
 
 



































Fig 8.4 The concentration (%) of positively charged nitrogen (N+) (1), imine nitrogen (=N-) 
(2) and amine nitrogen (-NH-) (3) with respect to total nitrogen as a function of the 
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Fig 8.5 N1s core-level spectra of (4): PANI-C60 membrane with 1% C60; (7): sample (4) 
treated with 1M HCl for 8 hrs.; (5): PANI-C60 membrane with 2% C60; (8): sample (5) 































Fig 8.6 EPR spectra of as-cast EB film and PANI-C60 sample with 0.5% C60 in 































Fig 8.7 Impedance spectra of PANI-C60 membrane with different concentrations of C60: a. 





















Fig 8.8 Impedance spectra of PANI-C60 membrane with 0.5% C60 under varied applied 
potentials:  0 V, 0.2 V, 0.4 V, 0.6 V, and 0.8 V successively along the direction of the 
arrow; the dot line is fitted semi-circle for the impedance at 0 V. Electrolyte: 0.1M KCl 
solution 
 










Rs is the uncompensated solution resistance, calculated by extrapolating the high-
frequency end of the semi-circle to the real axis; Rp is the bulk membrane resistance, equal 
to the difference of high- and low-frequency resistance (intercept) on the real axis. A CPE 
impedance z is given by the equation 1/ ( )nz Q jϖ= , where Q has the numerical value of 
the admittance z/1  at ϖ =1 rad/s. If n=1, CPE element behaves like a pure capacitor. If 
n<1, the center of semi-circle is depressed by an angle of (1-n)*90º below the real axis, 
and CPE element resembles a nonideal capacitance (Chen, 1995). Numerical analysis 
demonstrated that n was 0.99, 0.99, 0.86, 0.78, and 0.76, corresponding to C60 content of 
0.2%, 0.5%, 1%, 2%, and 3% successively.  
 
Fig 8.7 demonstrates that ohmic membrane resistance Rp of C60 doped membranes was 
largely reduced at 1% C60 in comparison to the value around 2 MΩ for undoped membrane 
in the neutral medium (Chapter 5), but then it increased at higher content of C60. The 
enhanced ion transport in the doped PANI membrane as compared to the undoped one can 
be explained by the formation of structurized aqueous nanolayers surrounding the polymer 
backbone in the doped samples (Chapter 3) and will be discussed later.  
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Fig 8.8 demonstrates that the impedance of PANI-C60 membrane (0.5% C60) slightly 
increased with the variation of applied potential difference from 0 to 0.8 V, which is 
probably related to the partial electrochemical oxidation/reduction of the membrane 
(Refaey, 1999).  
 
Membrane resistance Rp, characteristic frequency v and the reflecting CPE ratio of v/Rp as 
a function of C60 concentration are plotted in Fig 8.9. All three parameters reached an 
extreme value at 0.5% C60 and the highest value of specific membrane conductivity was 
close to 2*10-6 Ω-1cm-1. The specific ionic conductivity of PANI-C60 membranes increased  
by 3 orders as compared to that of the undoped membrane, which can not be attributed to 
simple addition of conductivity from semiconducting C60 molecules (<10-9 Ω-1/cm 
(Hwang, 1993)) and evidently is determined by doping of PANI with C60. It is interesting 
to note that ionic conductivity measured in our experiments with the electrodes in solution 
is two orders of value lower than electron based conductivity measured earlier when metal 
electrodes were in direct contact with the fullerene doped film (Morita, 1992).  
 
8.3.3 Transmembrane redox reactions 
 
When 0.05M FeCl3 solution was added in one of the compartments in the chamber 
separated by a membrane, redox potential of this solution decreased with time, 
demonstrating the reduction of Fe3+ to Fe2+ by C60 doped PANI membrane, similar to what 
happened with HCl doped membrane (Kocherginsky et al., 2005). It is known from 
voltamperometric measurements that the standard reduction potential for the pair 
pernigraniline / emeraldine is ~0.764 V vs. Ag/AgCl (Huang, 1986). The standard  
 - 175 - 
 



































































Fig 8.9 Membrane resistance Rp, characteristic frequency v and the ratio of v/Rp as a 
function of C60 concentration in PANI membranes. Conditions the same as in Fig 8.7 
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reduction potential of Fe3+/Fe2+ is only 0.59 V vs. saturated Ag/AgCl electrode. 
Nevertheless Fe3+ can be used as an oxidant in the system. This effect seemingly 
contradicts simple thermodynamics, but it can be explained by the fact that Cl- transport is 
coupled with the redox process in this heterogeneous system (Chapter 5), and this process 
is not reflected in the value of standard chemical potentials.  
 
 
Once redox potential of the solution became relatively stable, ascorbic acid was injected 
into the opposite compartment (Fig 8.10). Upon the addition, the redox potential of the 
oxidizing agent quickly decreased, corresponding to the transfer of redox equivalents from 
the electron donor phase through the membrane. The maximal transmembrane reaction 
rate was achieved after a few seconds. More detailed description of similar phenomena 
with an acid doped PANI membrane can be found in our paper (Kocherginsky et al., 
2005). A transmembrane reaction rate could reach 3.1*10-8 mole s-1cm-2 at 0.5% C60, 
which is 1 order higher than that for PANI-HCl membrane at identical conditions 
(Kocherginsky et al., 2005). Higher rates of transmembrane redox reactions between two 
substances, separated by a membrane doped with C60 can be understood by combined 
PANI doping both with fullerene and an acid. 
 
The transmembrane redox reaction rate reached maximum at 0.5% C60 in line with the 
previous findings (Fig 8.11). This figure also demonstrates the correlation of the 
transmembrane redox reaction rate and the specific membrane conductivity of PANI-C60 
membranes as a function of C60 concentration.  
 
 




























































Fig 8.10 Redox potential and Fe2+ formation as a function of time after addition of 
ascorbic acid at the opposite side of the membrane.  Oxidizing agent: 0.05M FeCl3+0.3M 






























































































Fig 8.11 Membrane conductivity (1, calculated from Fig 8.9) and the maximal 
transmembrane reaction rate (2, at the conditions of Fig 8.10) for PANI membranes as a 
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There could be at least two interpretations of the fullerene effects. One is based on 
changes of polaron content. Changes of EPR spectra (Fig 8.6) demonstrated that polaron 
content increases only by a factor of three, making this explanation less plausible. Another 
is based on the idea that electrophysical and redox properties of the doped PANI in contact 
with aqueous solutions are determined by permeability of ions Cl-, coupled to electron 
transport. The transmembrane redox reactions are based on transport of electrons from 
reducing solution into an oxidant through the polymer membrane. This process has to be 
electrically neutral and is accompanied by counter transport of Cl- from the oxidant to the 
reducing solution, where Cl- transport is the rate limiting step. Recently we have provided 
evidence of this mechanism for an acid doped PANI (Chapter 3, Kocherginsky et al., 
2005). Similarity of the curves for conductivity and reaction rates as a function of C60 
content and also the increase of conductivity by three orders in the optimal conditions 
again support this idea, now for C60 doped membranes. Electron donor-acceptor 
interactions of PANI and fullerene produce positively charged nitrogen fragments on the 
polymer, demonstrated by XPS (Fig 8.3). These charged polymer fragments result in 
repulsion of neighboring polymer chains and increase their hydrophilicity. In the 
experiments with HCl doped PANI we have demonstrated that water content in the film is 
increased as the result of doping (Lei, 1999).  All these effects induce deep structural 
changes of PANI films (Fig 8.2 a and b), make the membrane anion/cation selective (Lei, 
1999) and increase anion permeability of the membrane. Lower conductivity of fullerene 
doped PANI films in KCl solution (Fig 8.7) as compared with those doped with HCl (Lei, 
1999) can be explained by lower level of positively charged nitrogen fragments generated 
on the polymer in this case. Simultaneous doping with C60 and an acid was especially 
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effective and the rate of transmembrane redox reaction was an order of value higher than 
after simple HCl doping. 
 
At higher C60 concentrations C60 crystals are formed in the membrane (Fig 8.2 c), 
changing its structure and probably blocking aqueous nanochannels formed in the optimal 
conditions. On the contrary, too low concentration of C60 could not result in sufficient 




PANI-C60 membranes with varied concentrations of C60 were chemically synthesized. 
Doping effect of C60 and induced structural changes of PANI were demonstrated with the 
combination of different methods, including FTIR, FESEM, XPS and EIS. 
Transmembrane redox reactions are possible through PANI-C60 membranes in the 
presence of oxidizing reagent in at one side of the membrane and reducing reagent at the 
other side. The typical transmembrane reaction rate was as high as 3.1*10-8 mole s-1 cm-2, 
which is nearly one order higher than that for PANI-HCl membrane at the identical 
conditions. High rate of transmembrane redox reaction could be explained by combined 
doping effects of both an acid and C60. The results demonstrated the presence of an 
optimal doping concentration of C60, above which both transmembrane reaction rates and 
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PANI is one of the representative electroconductive polymers, which has a variety of 
potential industrial applications. In spite of the tremendous studies of chemical, electrical 
and electrochemical properties of PANI, relatively less attention has been paid on the 
redox reactions and associated charge transport properties of chemically synthesized 
PANI membranes, while the redox reactions of chemically synthesized PANI membranes 
in neutral pH have been seldom realized. In this research, we attempted to investigate the 
redox reactions, and transmembrane redox reactions of PANI membranes in acidic and 
neutral pH with high charge transport rates. The kind of transmembrane redox reactions 
can be used to imitate in-vivo electron transfer processes in biological membranes. Besides 
a novel redox sensor based on the transmembrane redox reactions of PANI membrane was 
invented. H2O2 was produced by the reaction between PANI films and O2. 
 
Initially, PANI films doped with d,l-champhor sulfonic acid were systematically 
characterized with FTIR, XPS, DSC, TGA and FESEM. It was shown that redox reactions 
of PANI-CSA films in acidic FeCl3 solutions and neutral K3Fe(CN)6 solutions are possible 
and have higher initial reaction rate than those with conventional PANI-HCl films. The 
redox processes have two kinetically different steps (the initial, fast and the second, slower) 
and are not limited by simple surface reactions. Both of the kinetic processes are pseudo-
first-order in terms of PANI nitrogen and the oxidizing species. To explain this 
phenomenon, it was suggested that the two redox half reactions (oxidation of the polymer 
fragments and reduction of ions in the solution) are separated in space and are coupled by 
counter transport of electrons and Cl- anions in the polymer into the opposite direction. A 
new phenomenon was demonstrated where the gradient of Cl- activity through the 
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film/solution interfaces changes the equilibrium state of the redox process of PANI-CSA 
films in K3Fe(CN)6/K4Fe(CN)6 solution. A kinetic model was developed and its 
parameters were estimated.  
 
Based on these findings, a transmembrane redox reaction was realized across PANI-CSA 
membrane in the presence of oxidizing reagent in one side of the membrane and reducing 
reagent in the other side, due to coupled electron/Cl- transport through the membrane. A 
typical transmembrane reaction rate was as high as 5*10-8 mol/cm2s with FeCl3 as the 
oxidizing agent and ascorbic acid as the reducing agent, which is ~25 times higher than 
that with PANI membrane doped by HCl at the identical conditions. Furthermore, both 
solutions separated by the membrane can have pH>3.0 to initiate the reaction. A kinetic 
model was proposed to illustrate the reaction mechanism and its parameters are estimated. 
It was demonstrated that the increase of the transmembrane redox reaction rate in the 
presence of CSA by an order of value is determined both by enhanced ion transfer rate 
through nanolayers of water in the polymer network and by the increase of the rate 
constants for the interface redox reactions.  
 
Role of membrane thickness and interface, the influence of acid doping and the nature of 
species determining redox and electroconductivity, was then studied using common 
PANI-HCl membrane. The electroconductivity of undoped and doped PANI membranes, 
separating two aqueous solutions, was compared with transmembrane ion transport and 
also transmembrane transport of redox equivalents. The relationship of the specific values 
of electric resistance, H+ transfer rate and electron transmembrane rate recalculated per 
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unit of thickness were determined in the experiments with the membranes of different 
thickness. Extrapolation of membrane barrier properties to zero thickness demonstrated 
that the water/polymer interfaces plays an important role. The barrier properties of 
interface are especially important for the doped membrane. It was also demonstrated that 
when the doped membrane separates two aqueous solutions with electrodes seprated by 
the membrane, the impedance and also transmembrane redox/ion transport rates were all 
determined by ions and not by electrons.  
 
On the basis of transmembrane redox reactions across PANI-CSA membrane, a new type 
of redox sensor was developed. Results of potentiometric calibration demonstrated good 
Nernstian response of transmembrane electrical potential for the redox couples of Fe2+/ 
Fe3+ and Fe(CN)64-/ Fe(CN)63-, and also for those redox active substances that normally do 
not have satisfactory response on Pt electrode, such as L-Ascorbic acid, Neutral red, Nile 
blue and N-phenylanthranilic acid. The lower detection limits ranged from 0.05mM to 
0.3mM, depending on the presence of interfering anions in the calibration solutions. In the 
presence of the redox couple of Fe2+/Fe3+ and Fe(CN)64-/ Fe(CN)63- across PANI-CSA 
membrane, transmembrane potential correlated with the difference of redox potentials 
between two solutions. It was demonstrated that transmembrane potential through doped 
PANI is a mixed potential due to both electron transport in redox processes and Cl- ion 
transport. Besides the redox/Cl- selectivity of PANI-CSA membrane was shown to be 
approximately 104.  
 
 - 185 - 
The oxidation of polyaniline (PANI) powders and/or films in the presence of dissolved 
oxygen in acidic and neutral aqueous media was then investigated. H2O2 was one of the 
products and its generation was dependent on the intrinsic doping level and the 
morphology of the polymer, the presence of acids and counter anions in the solution, as 
well as the concentration of dissolved O2. The maximal yield efficiency of H2O2 could be 
as high as 0.28 g H2O2/g film using PANI-CSA films with oxygen as the purging gas, but 
it slightly decreased if polymer content was too high. In the presence of ascorbic acid as 
the reducing reagent at the other side of PANI-CSA membrane, the production of H2O2 
could be further improved due to the mechanisms of transmembrane redox reactions. The 
mechanisms of oxygen reduction in PANI network and transmembrane redox reactions 
were demonstrated.  
 
Finally, as a comparison to the performance of CSA doped PANI membrane, 
transmembrane redox reactions of PANI membrane doped with a semiconductor dopant 
C60 were investigated. The PANI-C60 membranes were chemically synthesized with 
fullerene C60 content of 0.2, 0.5, 1, 2, 3 mol% (relative to aniline) respectively, and then 
systematically characterized with FTIR, FESEM, XPS, and Electrochemical Impedance 
Spectroscopy (EIS). If 0.05M acidic solution of FeCl3 was used as the oxidizing agent and 
0.3M ascorbic acid as the reducing agent, a typical value of transmembrane transport rate 
of redox equivalents was 3.1*10-8 mole s-1cm-2 with the membrane containing 0.5% C60.  
This value was an order higher than that for HCl doped PANI membrane at identical 
conditions, which can be explained by superimposed C60 doping and acid doping. The 
0.5% content of C60 was the optimal concentration that yielded the maximal 
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transmembrane reaction rate and also highest electroactivity. This can be rationalized such 
that at higher C60 concentrations C60 crystals are formed in the membrane, changing its 
structure and probably blocking aqueous nanochannels formed in the optimal conditions. 
On the contrary, too low concentration of C60 could not result in sufficient charge transfer 
interactions and structural changes.  
 
In the future, more research work can be carried out in order to further investigate the 
redox reactions of PANI membranes and to develop their practical applications: first, 
calibrations of different redox substances using the redox sensor based on PANI-CSA 
membrane can be carried out in more complicated environments, i.e. the aqueous 
environments containing more membrane permeable anions, in order to mimic the real 
environments in certain practical applications; second, further study, for example, DSC 
study can be performed to investigate on a quantitative level the mechanisms for the 
higher effiency of doped PANI films than that of powders to produce H2O2 with respect to 
the same amount and doping degree. In addition, two more objectives can be achieved in 
the future to optimize the transmembrane redox reactions. The first is to minimize the 
electron and ion transport resistance and to increase the specific surface area and 
mechanical stability of PANI membrane. To reach this goal PANI based composite 
membranes can be developed based on different substrates (MacDiarmid, 1997). The 
second objective is to explore the transmembrane redox reactions through other kinds of 
electroconductive polymer membranes, such as polypyrrole membranes that may also 
maintain electroactivity in neutral pH. Finally, the modules based on these transmembrane 
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redox processes can be utilized in industry for new chemical and environmental 
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